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1.  Summary  of  the  Most  Important  Results 


Introduction 

The  goal  of  the  project  was  to  explore  techniques  which  could  form  the  basis  of 
one  or  more  classes  of  micro-free-electron  lasers.  Emphasis  in  particular  was  on 
sources  which  will  operate  in  the  submillimeter  and  far-infrared  regions  of  the 
spectrum.  This  is  a  spectral  regime  which  has  a  comparative  dearth  of  tunable 
coherent  radiators,  but  many  interesting  scientific  questions  remain  and  there  a 
range  of  technical  applications. 

The  terms  "compact"  or  "micro"  are  qualitative  and  they  must  be  defined  in 
context  with  existing  devices.  Two  definitions  are  employed  in  this  work.  First,  a 
device  was  regraded  as  "compact"  if  it  used  either  a  low-energy,  radio-frequency  or  a 
small  electrostatic  accelerator  (<5-10  MeV).  These  devices  are  compact  in  the 
sense  that  they  easily  fit  in  a  laboratory  and  the  shielding  requirements  are  modest. 

Second,  there  are  a  range  of  applications  where  still  smaller  devices  are  either 
preferred  or  required.  The  aim  in  this  second  category  was  to  develop  sources  which 
use  electron  beams  with  energies  at  least  below  100  keV.  If  possible,  energies  as 
much  as  one  order  of  magnitude  smaller  than  this  limit  are  preferred.  At  the  lower 
end  of  this  range  the  power  supply  art  has  reached  a  point  where  sources  capable  or 
producing  lO's  of  kV  at  Watt  levels  of  total  power,  are  readily  available.  The 
packages  can  be  small  (a  few  lO's  of  cm^)  and  light-weight  (kg.'s). 

Proof-of-principle  low-energy  experiments  were  conducted  with  a  modified 
scanning  electron  microscope.  This  beam  generator  was  itself  "small".  In  addition, 
the  beam  parameters  (<  40  kV,  <  100  mA)  were  compatible  with  newer  versions  of 
ultra-compact  high-voltage  power  supplies.  Thus,  in  the  final  analysis,  designs  for 
sources  based  on  this  approach  would  be  competititve  in  size  and  power 
consumption  with  solid  state  devices. 


The  primary  results  of  the  project  have  been  published  in  the  refereed 
literature  and  these  publications  are  included  as  appendices  to  this  report.  In 
addition,  5  doctoral  theses  and  3  senior  honors  theses  were  completed  with  the  aid 
of  partial  support  from  the  project.  The  theses  are  listed  as  a  bibliography  in  Section 
5  of  this  report.  What  follows  in  the  remainder  of  this  introduction  is  a  summary  of 
the  principal  results  and  a  guide  to  the  published  work. 

Cherenkov  Radiators 

The  first  effort  on  the  project  was  expended  on  attempts  to  develop  micro-scale 
thin  film  Cherenkov  free-electron  lasers.  In  order  to  exploit  this  effect  and  yet  use 
comparatively  low  energy  electron  beams,  materials  with  high  index  of  refraction 
were  needed.  Semiconductors  were  chosen  for  the  first  investigations.  Since  their 
indices  of  refraction  in  the  desired  spectral  range  are  typically  3-4  the  threshold 
velocity  for  Cherenkov  radiation  can  be  achieved  with  beam  voltages  below  30  kV. 
An  extensive  series  of  tests  were  carried  out  using  semiconductor  film  resonators, 
but  Cherenkov  laser  action  was  not  achieved.  It  was  possible  to  produce  easily 
observable  amoimts  of  radiation  at  the  band  gap  energy  of  the  material,  but  it 
appears  that  even  a  very  small  amount  of  intercepted  beam  changes  the 
conductivity  of  the  film  by  an  amount  that  is  sufficient  to  quench  a  long- 
wavelength  infrared  oscillation.  Enhanced  conductivity  is  not  a  problem  with 
insulating  crystals  such  as  fused  quartz  and  boron  nitride,  but  these  low-index 
materials  require  relatively  high  energy  (>100  KeV)  beams. 

In  order  to  complete  the  investigation  of  high-index  materials  for  Cherenkov 
devices,  a  series  of  experiments  were  carried  out  with  free-standing  sapphire 
resonators.  Sapphire,  with  an  index  of  about  3,  has  a  voltage  threshold  below  20  kV. 
Emily  Fisch  developed  a  "sapphire  Cherenkov  laser".  This  work  is  reported  in  her 
doctoral  thesis.  The  sapphire  Cherenkov  laser,  defended  in  September,  1991,  and  in 
the  two  publications  Operation  of  the  sapphire  Cherenkov  laser  and  Geometric 


approach  to  wavelength  tuning  of  the  Cherenkov  free-electron  laser.  The  journal 
publications  are  included  as  Technical  Appendices  10  and  12  of  this  report. 

Gratings 

In  order  to  circumvent  the  problem  of  voltage  threshold  and  dielectric  charging 
(a  problem  in  cw  operation),  attention  was  shifted  to  metal  diffraction  gratings.  The 
operating  wavelengths  of  a  grating-coupled  device  is  determined  by  the  beam 
velocity,  the  grating  period,  and  the  angle  of  emission  from  the  grating  surface.  Two 
groups  of  experiments  were  carried  out  with  low-energy  (<  100  keV)  beams  and 
additional  experiments  were  also  carried  out  with  a  3  -  3.6  MeV  Van  de  Graaff 
generator  and  with  a  2.8  MeV  radio-frequency  "injector"  linac. 

The  beam  and  radiation  research  group  at  Dartmouth  has  had  experience  with 
grating-coupled  radiators  during  earlier  projects.  Sources  termed  "planar  orotrons" 
and  "planar-grating  klystrons"  were  investigated  during  the  1984-1990  time  period. 
Originally  the  work  was  focussed  on  millimeter-wavelength  operation  but  in  the 
case  of  the  present  project,  emphasis  was  shifted  to  the  challenge  of  achieving 
oscillation  at  submillimeter  wavelengths.  E.  Price  developed  a  submillimeter  -  far- 
infrared  resonator  which  was  comprised  of  a  narrow  strip-grating-loaded  cylindrical- 
section-mirror  terminated  parallel  plate  waveguide.  The  structure  was  generally 
similar  to  the  ones  used  in  the  planar  orotron;  however,  triangular  and  blazed 
gratings  were  used  in  place  of  the  rectangular  profile  gratings  which  had  been  used 
in  the  earlier  experiments.  Operation  over  the  range  extending  from  100  GHz  (3 
mm)  to  750  GHz  (400  pm)  was  achieved.  At  the  longer  wavelength  limit,  power 
levels  in  the  lO's  -  lOO's  of  W  range  were  obtained  and  at  the  short  end,  W-level 
powers  were  observed. 

The  beam  used  in  this  work  was  formed  using  a  pulse-transformer-driven 
thermionic  electron  gun  that  was  constructed  originally  for  Cherenkov  maser 


experiments,  and  the  transverse  dimension  of  this  beam  (mm's)  was  poorly 
matched  to  the  resonator  which  at  short  wavelengths,  supported  modes  with 
submillimeter  evanescence  scales.  Thus,  the  efficiency  was  low,  always  <  1%  and  at 
the  shortest  wavelengths,  it  fell  between  0.01  and  0.1%.  However,  it  is  important  to 
recognize  that  this  is  not  an  intrinsic  limit  but  simply  a  question  of  electron  beam 
optics.  This  point  will  be  discussed  further  when  the  work  which  employed  micro 
beams  is  summarized.  Price's  work  is  described  in  his  doctoral  thesis.  Operation  of  a 
Smith-Purcell  free-electron  laser  at  submillimeter  wavelengths  and  in  the 
publication  Operation  of  the  grating-coupled  oscillator  at  submillimeter/  far- 
infrared  wavelengths  (Appendix  No.  13). 

J.  Killoran  extended  the  work  of  Price.  Killoran  explored  a  class  of  open 
resonators  formed  by  replacing  the  top  plate  of  the  waveguide  with  a  second  grating 
and  removing  the  end  mirrors.  These  modifications  to  the  resonator  geometry  are 
an  important  evolutionary  step  in  developing  a  short-wavelength  device.  It 
separates  the  beam  transport  and  mode  containment  functions.  Resonators  formed 
with  two  gratings  may  also  have  high  unloaded  quality  factors  and  they  present  an 
number  of  intriguing  options  for  designing  output  couplers  (higher-order 
diffraction,  etc.).  Killoran  worked  over  the  same  general  spectral  range  as  Price,  and 
a  summary  of  his  results  are  to  be  found  in  his  doctoral  thesis.  Investigations  of  a 
Smith-Purcell  free-electron  laser  at  submillimeter  wavelengths  and  in  the  journal 
article  Millimeter  wavelength  radiation  source  using  a  dual  grating  resonator 
(Appendix  No.  8). 

The  mode-locking  experiments  were  carried  out  by  F.  Hacker  who  worked  in 
the  5-8  mm  wavelength  range,.  However,  in  spite  of  the  comparatively  long 
wavelength  they,  too,  are  an  important  step  forward  for  short-wavelength  source 
development.  In  principal,  just  as  is  the  case  in  a  conventional  laser,  mode  locking 
provides  a  means  of  producing  short  pulses  if  high  peak  power  beginning  with  what 


is  nominally  a  cw  source.  At  the  present  moment,  Hacker's  results  are  available 
only  in  his  thesis;  a  summary  of  the  work  is  being  prepared  for  publication. 

Micron-Scale  Beam  Generation 

All  of  the  experiments  described  in  the  preceding  section  were  carried  out  using 
the  pulse-transformer-based  beam  generator  which  has  been  described  in  many  of 
the  early  publications  (see  Felch  et  al,  Cerenkov  Radiation  in  Dielectric-Lined 
Waveguides,  Appl.  Phys.  Lett.  38(8),  601  (1981). 

This  has  been  a  very  serviceable  beam  generator  but  as  already  mentioned,  the 
physical  size  of  the  beam  is  not  well  suited  for  work  at  lower-mm  and  shorter 
wavelengths.  In  order  to  remedy  this  problem  and  to  otherwise  explore  the  beam 
parameter  space  region  which  would  lead  ultimately  to  micro-scale  devices, 
experiments  were  carried  out  with  a  beam  formed  in  an  electron  microscope.  An 
AMR-1000  scanning  electron  microscope  (SEM)  was  acquired  and  modified  in  such  a 
way  as  to  allow  operation  at  somewhat  higher  voltage  and  current  than  anticipated 
in  the  original  design  of  the  instrument  (V  <  50  kV  vs.  30  kV  and  I  ~  lO's  of  pA  vs.  < 
|xA).  The  SEM  was  otherwise  left  intact,  and  in  fact  it  still  operates  as  an  SEM. 

In  a  final  design  of  a  device  the  microscope  would  of  course  be  replaced  by  a 
much  smaller  electron  optical  system,  but  during  the  exploratory  phase  of  the 
project  the  ability  to  focus  and  position  the  electron  beam  with  great  precision  is  an 
extraordinary  advantage.  The  beam's  transverse  size  (10-20  pm  or  smaller,  if 
desired)  is  compatible  with  operation  anywhere  in  the  far-infrared  spectral  region. 
The  gratings  can  be  mounted  on  the  microscope  stage  and  this  gives  an  important 
degree  of  freedom  in  positioning  the  resonator  with  respect  to  the  beam  axis.  As  the 
project  drew  to  a  close,  the  first  observations  of  spontaneous  emission  had  been 
completed.  Radiation  that  was  tunable  over  the  range  from  288  pm  to  a  bit  above 
800  pm  had  been  produced  an  the  intensity  levels  were  consistent  with  expectations 


based  on  theory.  The  the  latter  point  is  extremely  important  in  that  it  provides 
confidence  in  the  set  of  assumptions  that  also  form  the  basis  of  a  gain  calculation. 
On  the  strength  of  these  results,  we  can  conclude  that  a  coherent,  tunable,  grating- 
coupled  oscillator  which  employs  truly  compact  e-beam  technology,  is  a  realistic 
objective. 

The  results  of  the  experiments  with  the  SEM  have  not  yet  been  submitted  for 
publication,  but  the  essential  details  are  to  be  found  in  A  far-infrared  Smith-Purcell 
micro-radiator,  M.  Goldstein's  doctoral  thesis.  An  abstract,  Smith-Purcell 
experiments  with  a  scanning  electron  microscope  (for  a  presentation  which  was 
made  during  the  APS  Division  of  Plasma  Physics  Meeting)  is  attached  as  Appendix 
4.  Also  included  (Appendix  1)  is  the  preprint  of  a  manuscript  by  Tang  et  al.,  Micro 
free-electron  lasers.  This  work  will  be  published  in  Nuclear  Instruments  and 
Methods.  Among  other  topics  it  addresses  the  challenges  and  potential  value  of 
integrating  modern  low-voltage,  high-current-density,  field  emission  cathodes  with 
micro-resonators . 

Van  de  Graaff  and  Radio-Frequency  Accelerators 

In  the  first  part  of  this  summary  experiments  with  relativistic  electron  beams 
were  mentioned  and  some  of  the  main  results  from  this  work  are  summarized  in 
Appendices  2  and  14.  The  work  carried  out  in  collaboration  with  colleagues  at 
Oxford  University  used  a  3-3.6  MeV  Van  de  Graaff  accelerator  and  in  these 
experiments,  tuning  from  a  wavelength  of  approximately  280  pm  to  beyond  a  mm 
was  demonstrated.  The  power  levels  from  even  the  rather  poorly-collimated  100 
mA  beam  were  comparable  to  that  available  from  a  typical  infrared  beam  line  on  a 
synchrotron  (at  comparable  wavelengths).  The  predicted  and  measured 
wavelengths  are  in  excellent  agreement  and  this,  together  with  the  intriguing  levels 
of  intensity  from  even  the  spontaneous  emission,  suggest  that  radiation  from 


gratings  driven  by  relativistic  beams  may  be  a  very  practical  source  of  infrared 
radiation.  In  order  to  explore  this  concept  further,  the  interaction  chamber  used  in 
the  Oxford  experiments  was  moved  to  Brookhaven  National  Laboratory  and 
mounted  on  the  injector  section  of  the  ATF  accelerator.  The  first  results  from  the 
Brookhaven  collaboration  are  summarized  in  the  Appendix  No.  2. 

Theory 

Although  gratings  have  been  in  use  for  more  than  two  centuries  and  detailed 
experimental  and  theoretical  investigations  have  been  conducted  for  more  than  a 
century,  they  remain  a  subject  for  interesting  research.  In  the  case  of  the  work  on 
this  project,  it  was  necessary  to  develop  a  theory  which  could  describe  the  way  in 
which  the  grating  profile  would  affect  emission  efficiency.  The  method  developed 
by  van  den  Berg  (Ref.  [6]  in  Appendix  No.  2)  was  adapted  for  this  purpose  and 
descriptions  of  what  has  been  accomplished  can  be  found  in  the  Killoran  and 
Goldstein  theses.  A  conceptually  simple  approach  to  calculating  the  emission 
intensity  is  also  described  in  Appendix  9.  In  this  note  the  separability  of  the 
emission  calculation  into  phase  space  related  factors  and  actors  which  depend  on  the 
grating  profile  was  demonstrated.  This  instructive  concept  is  still  under  active 
investigation. 

Conclusion 

The  work  summarized  in  this  introduction  is  described  in  more  detail  in  the 
appendices  which  follow.  Additional  detail  may  be  found  in  the  theses  listed  in 
Section  5. 
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1.  Introduction 


Spectroscopic  and  other  commercial  applications  of  lasers  typically  require  sys¬ 
tems  with  low  to  moderate  power,  compact  size  and  inexpensive  cost.  Various  free- 
electron  laser  mechanisms,  particularly  Smith-Purcell  or  Cerenkov  devices,  driven 
by  micro-electron  beams^“^  are  interesting  in  those  contexts.  A  potential  source 
for  the  beam  is  the  gated  field-emitter  array,  which  has  high  current  density  and 
low  emittance.  In  section  2,  we  present  computer  simulations  of  a  simple  method  of 
producing  collimated  sheet  beams  from  gated  field-emitters  using  planar  lens  fabri¬ 
cated  along  with  the  field  emitters  on  the  same  substrate.  The  good  beam  quality 
of  these  gated  field-emitters  imply  that  tunable  infrared  oscillators  in  the  IR  from 
tens  to  hundreds  of  /xm  are  feasible.  In  a  series  of  proof  of  principle  experiments 
spontaneous  emission  from  a  Smith-Purcell  device  has  been  obtained.  Scaling  of 
the  radiation  wavelength  (288^m  -  803//m)  and  the  total  emitted  intensity  are  in 
accord  with  theory. 

2.  Field-Emitter  Technology  and  Beam  Collimation 

The  generation  of  short  wavelength  radiation  in  a  compact  size  requires  good 
beam  collimation  and  small  beam  dimensions,  i.e.,  good  emittance.  Large  growth 
rates  for  coherent  radiation  require  high  current  density,  i.e.,  high  beam  brightness. 
A  compact  electron  source  with  the  required  properties  is  the  gated  field-emitter 
array  (FEA).  Electrons  beams  from  FEAs  can  be  cw  or  pulsed.  Since  FEAs  comes 
in  a  wide  variety  of  configurations,  only  a  few  examples  will  be  given  below. 

Experimental  results  pertinent  to  the  FEL  is  summarized.  For  emitter  tips  with 
large  radii  of  curvature,  currents  up  to  200  /xA  for  single  tip  have  been  reported  by 
SRI®  and  even  higher  currents  have  been  measured  in  10“®  Torr  of  hydrogen  by 
Philips  Research  Laboratory.^  Field-emitter  arrays  with  submicron  gate  opening  di¬ 
ameters  and  sharp  tips  have  been  fabricated  by  SRI®  and  MIT/Lincoln  Laboratory.® 
SRI  utilized  focused  ion  beams  to  fabricated  arrays  with  gate  opening  diameters  of 
0.3  fiia,  and  tip-to-tip  separation  of  0.5  fim.  These  tips  emitted  on  average  3  //A 
per  tip  at  a  gate  voltage  of  45  V.  Lincoln  Laboratory  utilized  holographic  methods 
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to  fabricate  FEAs  with  gate  opening  diameters  of  0.16  and  tip-to-tip  separation 
of  0.32  fim.  They  measured  on  average  1.0  pA  per  tip  at  a  gate  voltage  around 
30  -  35  V.^  Refinements  in  FEA  processing  are  continuing  to  improve  the  current 
per  tip,  lower  gate  voltages  for  electron  emission,  increase  current  density,  improve 
lifetime,  etc. 

The  emittance  associated  with  each  cone-emitter  is  small  because  electron  emis¬ 
sion  occurs  only  from  their  tip  which  has  a  radius  of  curvature  typically  much  less 
than  100  A.  Using  EGUN2^*^  to  estimate  the  RMS  normalized  emittance  associated 
with  emitters,  we  find  values  typically  on  the  order  of  a  few  10“^  7r-mm-mrad.  A 
simulation  example  will  be  given  below. 

Despite  the  low  emittance,  electron  emission  patterns  from  FEA  tips  have  large 
angular  spreads.  It  is,  however,  possible  to  apply  focusing  lenses  to  collimate  the 
beams.  There  are  various  approaches  to  beam  focusing,  but  we  will  limit  discussions 
to  two  types  of  electrostatic  lens:  the  thin  overlapping  lens  and  a  planar  lens  for 
gated  cone  emitters. 

A  schematic  of  a  generic  thin  overlapping  lens  is  shown  in  Fig.  1.  For  the  thin 
lens  to  be  effective,  the  lens  opening  has  to  be  self-aligned  with  the  gate  opening, 
and  the  distance  of  the  lens  from  the  gate  should  be  much  less  than  the  gate  opening 
diameter.  Computer  simulations  indicate  the  lens  voltage  will  be  comparable  to  tip 
voltage  for  best  collimation.^^"^^  The  overlapping  thin  lens,  however,  is  difficult 
to  fabricate.  Recently,  a  self-aligned  thin  lens  and  gate  geometry  was  successfully 
made^^  and  beam  focusing  was  demonstrated  experimentally.  The  experimental 
results  agree  qualitatively  with  the  computer  simulations.  A  potential  disadvantage 
of  the  thin  lens  is  an  experimentally  observed  reduction  in  the  output  current  with 
increased  focusing,  because  of  a  lowering  of  the  field  at  the  emitter  tip  due  to  the 
proximity  of  the  low  lens  voltage  and  possibly  because  of  charging  of  the  insulator 
between  the  gate  and  the  lens. 

In  contrast,  the  coplanar  lens  and  nearly  coplanar  lens,^®“^^  shown  in  Figs. 
2a  and  2b,  respectively,  are  very  simple  to  fabricate.  For  the  planar  lens  to  be 
effective,  the  lens  electrodes  must  extend  over  a  wide  lateral  area  around  the  gate 
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electrode.  Focusing  occurs  in  a  substantial  region  above  the  gate  surface,  providing 
beam  collimation  for  an  effectively  larger  percentage  of  the  outer  beam  electrons. 
Since  the  lens  electrode  is  now  some  distance  from  the  tip,  the  field  reduction  at 
the  tip  by  the  lens  is  not  expected  to  be  significant.  Planar  lenses  have  previously 
been  used  for  thermionic  cathodes.  For  field-emitters,  the  integration  of  the  lens 
with  the  emitters  on  the  same  substrate  simplifies  alignment  and  implementation. 
Planar  lens  focusing  for  FEAs  has  been  demonstrated  experimentally.^®~^^ 

A  self-consistent  EGUN2  simulation  of  a  gated  field-emitter  with  a  planar  lens 
is  shown  in  Fig.  3.  RMS  normalized  emittance  is  calculated  by  EGUN2  to  be 
2.1  X  10“^  TT-mm-mrad  in  the  cylindrical  geometry.  The  parameters  used  in  this 
simulation  are:  gate  voltage  of  20  V,  gate  diameter  of  0.16  ^m,  radius  of  curvature 
of  the  tip  of  50  A,  lens  voltage  of  —15  V,  anode  voltage  of  51.25  V  located  at  a 
distance  of  5  /xm  from  the  gate  and  current  of  1  ^A/tip.  The  electron  beam  radius 
at  10  keV  is  about  3  ^m.  The  emittance  would  vary  somewhat  with  slightly  different 
sets  of  parameters,  but  is  expected  to  remain  around  the  same  order  of  magnitude. 

Next,  we  show  that  integrated  planar  lenses  may  provide  a  simple  method  of 
producing  collimated  sheet  beams  from  field-emitters.  We  consider  FEAs  with  small 
gate  diameters  densely  packed  along  a  line  yielding  a  current  of  10  /xA/ /xm  at  a  gate 
voltage  of  50  V.  The  emitters  and  substrate  are  at  groxmd.  We  assume  a  linear  gate 
electrode  1  /xm  wide  separated  on  either  side  from  the  planar  lens  by  a  0.5  /xm 
gap.  [Fabrication  of  a  1  /xm  gate  width  using  current  ion  beam  systems  is  difficult, 
but  there  is  no  inherent  problems  in  making  self-aligned  1  /xm  wide  gates  with 
submicron  gate  diameters.]  Lacking  a  three-dimensional  simulation  capability  for 
field-emitters,  emission  from  the  tip  of  the  cone  emitter  into  a  linear  geometry  that 
is  not  rotationally  symmetric,  cannot  be  modeled  exactly.  The  following  EGUN2 
simulations  assumed  electron  emission  in  the  (x,z)  plane  from  a  point  source,  with 
emission  angles  restricted  to  ±  50°  and  each  electron  trajectory  spaced  5°  apart. 

For  an  accelerating  field  of  5.0  V/ /xm,  we  show  beam  collimation  by  a  planar 
lens  at  —15  V  in  Fig.  4.  Electrons  initially  emitted  within  ±25°  are  confined  in 
a  narrow  beam,  while  the  outer  rays  can  be  eliminated  by  aperture.  A  very  low 
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current  when  space  charge  is  negligible,  the  collimated  beam  spot  sizes  is  about  10 
^m  at  40  keV  without  any  additional  focusing.  For  high  current  densities  such  as 
10  /iA//xm.  when  space  charge  becomes  important,  it  may  be  better  not  to  focus 
the  beam  so  tightly  at  low  voltage.  Additional  focusing  may  be  needed  for  space 
charge  dominated  beams. 

Wider  gate  strips  allow  larger  gate  diameters  that  can  be  fabricated  using 
a  wide  variety  of  available  methods.  Larger  gate  diameters  require  higher  gate 
voltages  for  emission.  In  the  next  example,  we  assume  a  gate  voltage  of  100  V,  with 
the  emitter  and  the  substrate  at  ground,  and  a  gate  electrode  4  ^m  wide  separated 
on  either  side  from  the  planar  lens  by  a  1.0  /xm  gap.  Again,  we  assume  an  averaged 
line  current  greater  than  10  //A//xm.  As  before,  EGUN2  simulated  electron  emission 
in  the  (x,z)  plane  from  a  point  source  with  emission  angles  restricted  to  ±  50°  and 
each  electron  trajectory  separated  by  5°.  We  show  beam  collimation  by  a  planar 
lens  at  —35  V  in  an  accelerating  field  of  5.0  V / /^m  in  Fig.  5. 

3.  Smith-Purcell  Experiments  with  a  Micro  Electron  Beam 

The  beams  of  the  type  described  in  section  3  might  be  used  to  generate  radia¬ 
tion  from  a  diffraction  grating.  When  an  electron  beam  is  passed  over  the  surface 
of  a  metal  grating  Smith-Purcell  radiation  is  emitted.^^  If  the  beam  travels  perpen¬ 
dicular  to  grooves  of  spacing,  D,  the  wavelength  spectrum  is 

where  /3  =  Vf,/c  is  the  electron  velocity  divided  by  the  speed  of  light.  The  angle, 
6jn,  is  measured  between  the  grating  normal  and  the  propagating  direction  of  a 

wave  with  spectral  order  m  =  — 1,-2,-3, _  In  order  to  couple  effectively  the 

beam  must  be  located  a  distance  (d)  from  the  surface  which  obeys  the  constraint, 
d  <  A/d7/27r,  where  7  =  (1  — 

At  Dartmouth  College,  experiments  have  generated  Smith-Purcell  radiation^ 
with  wavelengths  ranging  from  288  to  803  ^m.  A  178/rm  period  diffraction  grating 
generated,  (1.0  ±  0.2)  x  10“®  watts/Str.,  at  476/fm  in  a  40//m  bandwidth.  The 
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emitting  surface  area  was  6  x  10“®  m^.  Thus,  a  basic  radiance  of  approximately 
0.17  watts/(Str.  m^)  was  produced. 

A  scanning  electron  microscope  was  used  as  an  electron  beam  source  in  these 
experiments.  The  beam  typically  had  a  radius  that  varied  from  3  to  30  yum,  carried 
a  50  ixK  current,  and  had  an  energy  of  30  -  40  kilovolts  and  with  a  normalized 
emittance  of  e„  ~  10“^  7r-mm-mrad.  The  beam  in  these  experiments  was  formed 
by  a  tungsten  cathode,  focused  with  magnetic  lenses  and  scraped  with  platinum 
apertures.  The  general  beam  parameters  were  inferior  to  what  could  be  generated 
with  an  FEA.  A  linear  array  could  be  used  in  a  number  of  feedback  geometries  to 
form  an  oscillator. 


4.  Summary 

Good  agreement  between  theory  and  experiment  for  Smith-Purcell  radiation 
was  observed  for  micro  gratings  with  beam  from  electron  microscope.  Electron 
beams  from  FEAs  have  demonstrated  high  current  density  and  is  predicted  to  have 
small  emittance.  Good  beam  collimation  would  be  possible.  Planax  lens,  simple  to 
fabricate  and  easy  to  implement,  may  provide  useful  collimated  beams.  When  the 
small  emittance  of  the  field-emitters  is  confirmed  experimentally  for  sheet  beams, 
compact,  tunable  oscillators  in  the  infrared  with  gratings  may  be  possible  down  to 
tens  of  fxva.  in  wavelength. 
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Figure  Captions 


Fig.  1.  Schematic  of  field  emitter  with  thin  lens  electrode  overlapping  the  gate  elec¬ 
trode. 

Fig.  2.  Schematics  of  field  emitters  with  planar  lens  concepts  where  (a)  the  lens  elec¬ 
trode  is  coplanar  with  the  gate  electrode  and  (b)  the  lens  electrode  is  nearly 
coplanar  with  the  gate  electrode. 

Fig.  3.  Equipotential  curves  and  electron  trajectories  of  a  cone  emitter  simulated  by 
EGUN2  in  cylindrical  geometry  with  planar  focusing  lens. 

Fig.  4.  Equipotential  curves  and  electron  trajectories  showing  beam  collimation  with 
planar  lens  for  gate  width  of  1  /xm  and  gate  voltage  of  50  V  with  the  planar 
lens  at  —15  V  and  an  accelerating  field  of  5  V//xm. 

Fig.  5.  Equipotential  curves  and  electron  trajectories  showing  beam  collimation  with 
planar  lens  for  gate  width  of  4  ^m  and  gate  voltage  of  100  V  with  the  planar 
lens  at  —35  V  and  an  accelerating  field  of  5  V/ fim. 
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Abstract:  The  requirements  for  the  generation  of  enhanced 
intensity,  forward  directed  Smith- Purcell  emission  from  rela¬ 
tivistic  electrons  are  introduced,  and  the  first  experimental 
evidence  of  this  enhancement  is  presented.  In  the  forward 
emission  the  wavelengths  radiated  are  much  shorter  than  the 
grating  period.  The  experiments  were  conducted  with  a  2.8 
MeV/c  electron  beam  interacting  with  a  1  cm  period  grat¬ 
ing.  Grating  period  to  wavelength  ratios  as  high  as  16  were 
produced.  The  measured  spectrum  indicates  that  the  longitu- 
dmal  microbunch  profile  is  more  rectangular  than  Gaussian. 

PACS  numbers:  41.60.-m,  42.79.Dj,  41.75.Ht 


The  characteristic  signature  of  radiation  produced  by 
energetic  electrons  is  a  peaking  of  the  emission  spectrum 
along  the  direction  of  the  electron  momentum.  Thus  it 
is  to  be  expected  on  general  grounds  that  Smith-Purcell 
radiation  produced  by  relativistic  electrons  will  exhibit 
this  structure  as  well.  The  first  experimental  evidence 
of  enhanced  forward  emission  will  be  presented  in  this 
Letter. 

In  their  report  on  radiation  produced  by  electrons 
skimming  over  a  diffraction  grating,  Smith  and  Purcell 
[1]  introduced  the  expression 

A  =  [1//?  -  cos(<?)]  (1) 

which  relates  wavelength  A,  grating  period  /,  the  rela¬ 
tivistic  velocity  of  the  electron  the  emission  angle  9, 
and  the  diffraction  order  |n|.  The  emission  angle  is  mea¬ 
sured  relative  to  the  axis  established  by  the  electron’s 
momentum.  Equation  (1)  may  be  deduced  from  a  Huy¬ 
gens  construction,  and  the  expression  is  valid  in  either 
the  nonrelativistic  or  relativistic  limit.  When  1,  for¬ 
ward  emission  at  6  (7  being  the  relativistic  fac¬ 

tor  1/ \J\-  will  result  in  wavelengths  that  are  much 
shorter  than  the  grating  period.  In  order  to  maintain 
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good  coupling  between  the  electron  beam  and  the  grat¬ 
ing  for  emission  in  the  forward  direction,  additional  con¬ 
straints  must  also  be  satisfied. 

The  angular  distribution  of  the  power  radiated  into  the 
order  from  electrons  moving  over  a  grating  is  given 
by  an  expression  of  the  general  form 


dQ 


—  f^”^^^sin^(5)cos^(<^) 


[l-t-Ar,:F(cr)] 


2/2eo  [l-/?cos(5)P 

X  exp[-K(0,  <l>)xo]\R„{e, <^)|2  (W/sr)  (2) 

where  L  is  the  total  grating  length,  I  is  the  beam  cur¬ 
rent,  e  is  the  charge  of  an  electron,  is  the  number 
of  electrons  per  bunch,  and  xq  is  the  beam  height  mea¬ 
sured  from  the  highest  point  on  the  grating  surface.  An 
expression  similar  to  Eq.  (2)  was  first  published  by  G. 
Toraldo  di  Francia  [2]  and  many  general  considerations 
were  addressed  originally  by  S.  Smith  [3].  Equation  (2) 
can  iJso  be  derived  from  an  elementary  model  of  the  emis¬ 
sion  mechanism  [4].  The  coordinate  system  and  emission 
angles  6  and  <{)  are  illustrated  in  Fig.  1.  The  wavelength 
depends  only  on  the  polar  angle  6,  and  it  should  be  noted 
that  the  solid  angle  dQ  and  signal  bandwidth  du)  are  re¬ 
lated  through  Eq.  (1).  Equation  (2)  is  derived  using  a 
delta  function  beam  located  at  a;  =  xq,  y  =  0.  This  is  a 


good  approximation  for  an  extended  beam  if  the  mean 
beam  height  satisfies  the  condition  xq  <  /JyA/dff.  If  this 
condition  is  not  satisfied  an  integral  over  the  beam  dis¬ 
tribution  must  be  substituted  for  the  exponential  term. 

The  function  J^(a)  is  introduced  in  order  to  account  for 
possible  intensity  enhancement  due  to  spatial  coherence 
of  the  electron  bunch.  This  concept  was  first  discussed 
during  the  early  development  of  synchrotrons  where  it 
was  suggested  that  it  could  be  a  possible  mechanism  for 
substantial  energy  loss  [5].  When  the  longitudinal  bunch 
profile  is  a  Gaussian  of  length  r  then  ^(a)  is  defined  as 


:r(a)  =  exp[-(a/2)2]  (3a) 

where  a  is  the  phase  variation  relative  to  the  emitted 
radiation. 


a  —  UT  =■  2ircT/\. 

For  a  rectangular  longitudinal  profile  the  coherence  factor 
becomes 


1 


'sm(a/2)‘  ^ 
a/2 


(3b) 


The  angular  distribution  of  the  radiation  is  deter¬ 
mined  by  the  two  factors  sin^(0)  cos^((^)/[l  —  ^cos(^)]^ 
and  exp(— >c(0,  <^)aro)*  When  0  I/7  the  dependence  of 

the  first  of  these  terms  scales  as  7"^  near  its  peak,  and 
the  peak  narrows  in  proportion  to  1/7^.  The  exponen¬ 
tial  factor  exp[— KXo]  is  a  consequence  of  the  fact  that  the 
electron  beam  couples  with  space  harmonic  fields  on  the 
grating  which  have  a  phase  velocity  less  than  the  speed 
of  light.  The  evanescent  scale  is  [4] 


«(^.^)  =  1  +  [/?T  sin(5)  sin(fli)]^ 

or,  invoking  Eq.  (1), 

_  47r|n(y^l  +  [/?7 sin(0)  sin(<^)P 
7[l-/?cos(0)]/ 


(4a) 


(4b) 


It  follows  from  Eq.  (4b)  that  in  the  limit  9  — I/7,  1, 

the  ratio  2Trxo/l  21^1/7  must  be  maintained  in  order  to 
prevent  the  exponential  factor  from  cutting  off  the  emis¬ 
sion  in  the  forward  direction.  Thus,  the  possibly  surpris¬ 
ing  conclusion  is  reached  that  /  must  become  quite  large 
in  order  to  maintain  good  coupling  for  small  emission 
angles.  The  emitted  wavelength  in  this  limit  scales  as 
A 

The  only  factor  not  yet  mentioned  is  \Rn{9,  which, 
in  essence,  is  a  measure  of  grating  efficiency.  The  con¬ 
cept  was  first  introduced  for  Smith-Purcell  radiation  by 
G.  Toraldo  di  Francia  [2],  and  later  van  den  Berg  [6]  de¬ 
vised  a  method  for  calculating  |iZn(^,  0)p.  The  van  den 
Berg  approach  is  straightforward  but  numerically  inten¬ 
sive  when  wavelengths  are  much  shorter  than  the  grating 
period  [7].  Since  in  this  limit  the  grating  period  is  long 
in  comparison  with  the  emitted  wavelength,  the  grating 
falls  into  a  class  known  generally  as  an  echelle  [8]. 

The  experimental  investigations  were  conducted  on  the 
Accelerator  Test  Facility  (ATF)  low-energy  beam  line  at 
Brookhaven  National  Laboratory  [9].  The  beam  line  con¬ 
sists  of  a  1-1/2  cell  rf  photoinjector,  profile  monitors,  mo¬ 
mentum  slits,  a  dipole  magnet,  and  focusing  quadrupole 
magnets  as  well  as  horizontal  and  vertical  steering  mag¬ 
nets.  The  momentum  was  tuned  to  2.8  MeV/c  (7  =  5.6). 
The  TT-mode  S-band  injector  contains  a  photocathode 
which  was  operated  in  an  explosive  electron  emission 
mode.  Explosive  electron  emission  results  from  irradiat¬ 
ing  the  cathode  with  a  reduced  spot  size  of  the  Nd:YAG 
pulse  so  that  higher  laser  power  densities  on  the  cathode 
are  achieved  [10].  The  macropulses  are  typically  20  ns 
long  (57  rf  buckets)  and  contain  2  nC  of  charge.  The 
repetition  rate  was  3  Hz.  The  micropulses  are  20  ps  long 
and  separated  by  350  ps.  The  measured  emittances  are 
on  the  order  of  4  :r  mm-mrad  and  peak  currents  are  typ¬ 
ically  1-2  A. 


The  optical  collection  system  is  one  used  previously 
[11].  As  shown  in  Fig.  2,  the  Smith-Purcell  emission 
from  the  grating  is  reflected  off  a  rotatable  plane  mir¬ 
ror  onto  an  off-axis  parabodial  mirror  (OAPM).  Adjust¬ 
ing  the  plane  mirror  angle  allows  selection  of  the  desired 
observation  angle  and  therefore  the  wavelength  of  the 
Smith-Purcell  radiation.  The  OAPM  focuses  the  radia¬ 
tion  into  a  light  pipe  which  transports  the  signal  to  an 
optical  table.  The  light  pipe  was  not  evacuated. 

A  beamflag  consisting  of  a  phosphor  painted  aluminum 
surface  was  mounted  at  the  front  of  the  grating  assembly 
to  allow  viewing  of  the  beam  profile  by  a  video  camera. 
The  video  signal  was  analyzed  by  a  SPIRICON  imaging 
system  which  allowed  a  measurement  of  the  beam  width, 
height,  and  charge  distribution.  The  beam  was  approx¬ 
imately  Gaussian  in  both  directions  with  a  width  of  1.2 
cm  and  a  thickness  normal  to  the  grating  of  0.75  mm. 
The  grating  height  was  adjusted  so  a  small  fraction  of 
the  beam  was  intercepted  by  the  grating. 

The  optical  collection  system  was  originally  designed 
for  viewing  emission  angles  larger  than  30  degrees,  but 
for  this  experiment  it  was  modified  to  allow  collection 
at  smaller  angles.  The  collection  system’s  angular  width 
was  approximately  10  degrees  and  the  emission  spectrum 
was  centered  about  the  nominal  collection  angle. 

The  spectral  content  of  the  radiation  was  analyzed 
with  a  Czerny-Turner  monochromator  and  detected  with 
a  liquid  helium  cooled  InSb  bolometer.  The  bolometer 
signal  has  a  very  sharp  rise  and  falls  off  exponentially  as 
the  electrons  relax  to  the  lattice  temperature.  The  detec¬ 
tor/amplifier  system  responsivity  was  calibrated  at  623 
fim  with  a  5000  K  mercury  arc  lamp.  The  measured  re¬ 
sponsivity  was  862  V/W  for  radiation  pulse  lengths  much 
longer  than  the  response  time  of  the  crystal.  Since  the 
Smith-Purcell  radiation  signal  was  10  times  shorter  than 
the  response  time  of  the  InSb  crystal,  the  effective  power 
responsivity  averaged  over  the  macropulse  (20  ns)  was 
862  X  20ns/200ns  =  86.2  ±  13  V/W.  Signals  were  aver¬ 
aged  over  16  shots  on  a  Tektronix  243 IL  digital  oscillo¬ 
scope. 

An  aluminum  grating  1.69  cm  wide  and  17  cm  long 
with  a  period  of  1.0  cm  and  a  blaze  angle  of  5  degrees 
was  used  to  investigate  forward  emission.  It  was  ori¬ 
ented  (Fig.  2)  such  that  the  electron  footprint  moves  up 
the  shallow  slope  of  the  grating.  In  addition  to  the  grat¬ 
ing  just  described,  wavelength  measurements  were  con¬ 
ducted  with  30  degree  blaze  gratings  which  had  periods 
of  1  mm,  2  mm,  and  4  mm  and  20  degree  blaze  gratings 
with  periods  of  2  mm  and  4  mm.  Measured  emission 
angles  ranged  from  18  to  140  degrees.  The  measured 
wavelengths,  shown  in  Fig.  3,  are  in  excellent  argeement 
with  the  predictions  of  Eq.  (1). 

Forward  emission  observations  were  made  at  two  mir¬ 
ror  settings,  18  and  30  degrees.  The  30  degree  orientation 
was  chosen  because  that  was  the  smallest  angle  for  which 
good  collection  efficiency  could  be  expected  [12].  The  18 
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degree  setting  was  also  examined  because  it  is  near  the 
peak  of  the  power  spectrum  as  given  by  Eq.  (2).  The 
spectral  content  of  the  two  collection  settings  is  shown 
in  Figs.  4  and  5.  The  detector  signal  was  normalized  to 
the  charge  measured  at  the  Faraday  cup  to  reduce  the 
effect  of  shot-to-shot  variations  in  the  beam,  and  a  linear 
relationship  between  the  signal  and  charge  was  assumed 
for  this  normalization. 

In  other  experiments  [IS-IS]  where  the  long  pulse  na¬ 
ture  of  the  electron  beam  makes  the  limit  T{oc)  — >  0  ap¬ 
propriate,  the  results  indicate  that  the  predicted  and 
measured  powers  are  comparable.  Thus  Eq.  (2)  is  a  reli¬ 
able  predictor  of  the  spontaneous  emission  from  a  group 
of  uncorrelated  electrons.  For  our  experiments  the  mea¬ 
sured  powers  were  significantly  higher  than  the  predic¬ 
tions  of  Eq.  (2)  for  T{oc)  =  0.  The  macropulse  average 
powers  measured  at  the  detector  were  69.6  /xW  for  a 
wavelength  of  0.623  mm  and  78.5  /xW  for  1.32  mm.  For 
the  18  degree  setting  only  the  back  half  of  the  grating,  or 
about  8  periods,  was  collected  by  the  collection  system. 
The  power  from  the  entire  grating  would  be  a  factor  of 
two  higher.  In  the  limit  T{a)  =  0  (no  spaticJ  coherence) 
the  emission  levels  predicted  by  Eq.  (2)  for  the  experi¬ 
mental  parameters  are  1.2  ;xW  for  0.623  mm  and  34  nW 
for  1.32  mm.  The  collected  solid  angles  of  0.0054  sr  for 
30  degrees  and  0.012  sr  for  18  degrees  are  determined  by 
the  monochromator’s  resolution  and  the  emission  angle. 

The  reason  the  observed  power  exceeds  predictions 
based  on  single  particle  theory  lies  in  the  partial  coher¬ 
ence  of  the  emission  process.  If  a  Gaussian  longitudinal 
profile  is  assumed  for  the  beam,  the  measured  power  lev¬ 
els  are  not  consistent  with  the  theoretical  predictions. 
Adjusting  the  pulse  length  to  fit  one  measurement  gives 
an  incorrect  prediction  for  the  other  measurement.  How¬ 
ever,  if  a  rectangular  longitudinal  profile  is  assumed  then 
not  only  are  the  power  levels  in  closer  agreement,  but 
the  shape  of  the  measurements  can  also  be  explained  by 
coherence  effects.  Rectangular  bunch  profiles  have  also 
recently  been  suggested  to  explain  the  autocorrelation  re¬ 
sults  from  coherent  transition  radiation  [16].  Using  the 
method  of  van  den  Berg  [6]  to  calculate  the  values  of 
|R_i(^,0)P  and  assuming  a  1%  detection  efficiency  [17], 
Eq.  (2)  allows  a  comparison  of  the  coherent  emission  to 
the  measured  power.  The  dashed  lines  in  Figs.  4  and 
5  indicate  the  predicted  emission  from  a  rectangular  mi¬ 
crobunch  with  a  length  of  19.5  ps  and  peak  current  of  1  A. 
In  order  to  plot  the  predictions  of  Eq.  (2)  in  Figs.  4  and 
5  a  conversion  from  peak  to  average  power  is  required. 
The  average  power  is  simply  the  peak  power  multiplied 
by  the  ratio  of  the  micropulse  length  to  micropulse  spac¬ 
ing  (19.5/350).  Coherence  effects  are  responsible  for  the 
major  peaks  and  valleys  in  the  emission  while  the  angu¬ 
lar  variation  of  |i?_i(^,0)p  introduces  minor  variations 
in  the  predicted  power  levels.  The  location  of  the  peaks 
are  very  sensitive  to  the  value  of  the  micropulse  length.  A 
5  percent  change  in  the  bunch  length  results  in  approxi¬ 


mately  a  5  percent  change  in  the  wavelength  which  would 
be  easily  measureable.  As  can  be  seen  from  Figs.  4  and  5 
the  levels  predicted  by  assuming  a  rectangular  pulse  are 
approximately  10  times  higher  than  the  measured  lev¬ 
els  for  both  mirror  settings.  It  is  clear  however  that  the 
peaks  and  valleys  of  the  predicted  and  measured  power 
coincide.  The  premature  decline  of  the  signal  beyond  1.6 
mm  is  due  to  a  decline  in  the  efficiency  of  the  collec¬ 
tion  system.  The  excess  in  predicted  power  is  most  likely 
due  to  the  fact  that  the  bunch  profile  lies  somewhere  be¬ 
tween  a  rectangular  and  Gaussian  distribution,  but  def¬ 
initely  more  rectangular  than  Gaussian.  From  Eqs.  (2) 
and  (3b)  it  can  be  seen  that  the  coherent  contribution 
is  larger  at  1.32  mm  while  the  incoherent  contribution 
is  larger  at  0.623  mm.  Since  the  measured  power  levels 
are  approximately  the  same  for  0.623  mm  and  1.32  mm, 
both  the  forward  enhancement  and  coherence  effects  are 
consistent  with  the  experimental  data. 

It  is  interesting  to  compare  the  Smith-Purcell  emis¬ 
sion  to  a  conventional  source  of  far-infrared  radiation,  A 
blackbody  at  a  temperature  of  5000  K  and  the  same  effec¬ 
tive  area  as  the  grating  emits  only  0.345  /xW  in  the  band¬ 
width  defined  in  Fig.  5.  The  Smith-Purcell  macropulse 
signal  is  more  than  two  orders  of  magnitude  larger  than 
the  blackbody.  This  ratio  is  similar  to  that  achieved 
by  synchrotron  radiation  in  the  far-infrared  [18],  which 
in  recent  years  has  become  a  very  important  tool  for 
Fourier  transform  spectroscopy  research  in  this  spectral 
regime.  Operation  of  a  Smith-Purcell  device  at  shorter 
wavelengths  has  also  been  suggested  [19]. 
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FIG.  3.  Plot  of  predicted  vs.  experimental  wavelengths. 
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FIG.  1.  Diagram  showing  the  coordinate  system  and  angles 
which  define  the  direction  of  the  emitted  radiation.  The  beam 
axis  is  in  the  z  direction,  and  x  is  normal  to  the  grating  plane. 
0  is  the  polar  angle,  and  ^  is  the  azimuthal  angle. 
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FIG.  2,  Geometry  of  the  Smith-Purcell  collection  system. 
The  dashed  lines  indicate  the  path  of  the  emitted  radiation 
and  9  defines  the  emission  angle. 
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FIG.  4.  Plot  of  the  theoretically  predicted  and  experimen¬ 
tally  measured  radiance  at  the  nominal  30  degree  collection 
2aigle. 
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FIG.  5.  Plot  of  the  theoretically  predicted  and  experimen¬ 
tally  measured  radiance  at  the  nominal  18  degree  collection 
angle.  The  experimental  measurements  have  been  scaled  by  a 
factor  of  2  to  account  for  the  radiance  from  the  entire  grating. 
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Relativistic  peaking  of  forward-emitted  of  Smith-Purcell  radiation  has  been  observed  for  the 
first  time. .  In  the  original  observations  of  radiation  produced  by  electrons  moving  at  grazing 
incidence  near  to  the  surface  of  a  diffraction  grating.  Smith  and  Purcell  used  a  5  jiA,  150  |im 
diameter,  non-relativistic  250-350  kV  beam  to  produce  radiation  in  the  visible  region  of  the 
spectrum.  Subsequent  work  by  a  number  of  other  researchers  used  beams  to  comparable  or 
lower  energy.  In  the  non-relativistic  limit,  short  (far-infrared  to  visible)  wavelengths  can  be 
achieved  with  beams  of  modest  energy  and  gratings  with  short  periods  (jim's).  The  emission  is 
highly  dispersed  and  peaks  at  angles  nearly  normal  to  the  grating.  Short-wavelength  operation 
can  also  be  obtained  by  using  a  relativistic  electron  beam  and  a  grating  with  a  relatively  much 
longer  period.  The  radiation  emitted  in  this  limit  is  peaked  in  the  forward  direction,  strongly 
polarized,  and  the  total  spectrum  is  compressed  into  a  range  of  angles  of  the  order  of  the 
reciprocal  of  the  beam  energy.  In  this  limit  it  is  a  characteristic  double  Doppler  shift  which 
produces  the  short-wavelength  output. 

The  experiments  which  are  providing  the  first  evidence  of  the  existence  of  this  operating  regime, 
which  is  unique  to  the  relativistic  limit,  are  being  carried  out  on  the  injector  section  of  the  ATF 
accelerator.  This  is  a  radio-frequency  electron  gun  equipped  with  a  photo-cathode.  It  generates 
a  2.8  MeV  beam  with  a  total  charge  of  1-2  nC  spread  out  over  10-20  micropulses  (supercharge 
mode).  To  date,  the  spontaneous  component  of  the  emission  has  been  investigated.  Like  the 
infrared  emission  from  a  synchrotron,  which  the  process  resembles,  the  spontaneous  emission 
is  directly  useful  as  a  source  for  Fourier  transform  spectroscopy.  The  stimulated  component  of 
the  emission  may  also  provide  the  basis  of  a  new  type  of  free-electron  laser  and  optical 
resonator  designs  which  can  exploit  the  stimulated  relativistic  Smith-Purcell  mechanism  are 
under  investigation.  Progress  on  resonator  development,  results  from  recent  experiments  with 
the  ATF  injector,  and  projections  for  experiments  at  higher  beam  energy  will  be  summarized. 
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GOLDSTEIN  and  J.E.  WALSH  Dartmouth  College,  —A  diffraction  gratins 
mounted  in  the  focal  region  of  a  scanning  electron  microscope  has  been  used  to 
produce  far-infrared  Smith-Purcell  radiation.  The  wavelengths  varied  between  340 
and  730  pm.  Beam  diameters  varied  from  10  to  a  few  lO’s  of  pm  and  the  voltage 
and  current  ranges  were  30-40  kV  and  10-60  pA.  The  power  levels  of  the  radiation 
at  the  detector  were  lO's  of  pW.  Collection  efficiency  of  the  present  optical  system 
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levels  are  modest  but  comparable  to,  or  in  excess  of.  the  intensity  levels  available 
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intensity  observed  are  in  accord  with  expectations  based  on  theory.  The  details  of 
the  experiment  and  the  implications  the  results  have  on  the  challenge  of  developing 
a  new  class  of  vacuum  microelectronics  coherent,  far-infrared  radiation  sources  will 
be  discussed, 
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Fernow,  H.  Kirk  and  J.E.  WALSH,  Brookhaven  National  Laboratory — Recent 
experiments  carried  out  with  a  2.8  MeV  electron  beam  have  provided  the  first 
experimental  evidence  of  forward  peaking  of  Smith-Purcell  radiation  in  the 
relativistic  limit.  The  beam  was  produced  with  the  injector  section  of  the  50  MeV 
ATF  linac  at  Brookhaven  National  Laboratory.  Radiation  in  a  wavelength  band 
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too,  is  consistent  with  theoretical  expectations.  The  details  of  the  experiment  will 
be  presented  and  the  implications  for  developing  polarized  sources  with  strong 
forward  peaking  will  be  reviewed. 

♦Support  of  ARO  Contract  #  DAAL03-91-G-0189  and  the  Brookhaven 
National  Laboratory  ATF  project  are  gratefully  acknowledged. 


Prefer  Po.ster  Session 

□  Prefer  Oral  Se.ssion 

□  This  poster/oral  should  be  placed  in  the  following 
grouping:  (specify  order) 


2  Speciai  .Audiovisual  Requests 
'C.g..  :novie  projector) 


Other  special  Requests 


Submitted  bv: 


Same  Name  lypewntten.' 


Dartmouth  College 
Department  of  Physics  &  Astronom^ 
6127  Wilder  Laboratory 
Hanover,  N.H.  03755-3528 

.\ddre.ss) 


A  taxea  copy  is  NOT  acceptable.  This  rorm.  or  a  computer-generated  form,  pius  TX'O  COPIES,  mu.st  be 
;tfcei\ca  r5\  Friday,  8  July  1994  at  the  roiiowmg  acidre.ss: 

Saralyn  Stewan 

T^e  University  of  Texas  at  Austin/ Institute  for  Fusion  Studies 
26th  and  Speedwav-RLVI  1 1.234 
-Austin.  TX  78712 
Phone  1512)  471-4378 


36th  Annual  Meeting,  APS  Division  of  Plasma  Physics 
“'—11  November  1994 — Minneapolis.  MN 
ABSTRACT  SUBMITTAL  FORM 

Subject  Classification  Category  S'.  S' 

□  Theor\"  2  Experiment 

(  refer  to  DPP  Category  list) 


Smith-Purcell  Radiation  in  the  Relativistic  Limit^.  J.E.  WALSH.  S.G. 
YEAGER  and  K.J.  WOODS,  Dartmouth  College, — A  "strip’-grating-based 
theoretical  model  has  been  developed  for  the  purpose  of  investigating  the  general 
features  of  Smith-Purcell  radiation  in  the  relativistic  limit.  Although  Tdealiz^ed.  the 
model  has  the  advantage  of  yielding  analytic  expressions  for  the  intensity  and 
angular  distribution  of  the  radiation.  The  conditions  under  which  a  characteristic 
high-energy  forward  peaking  of  the  emitted  radiation  have  been  identified  explicitly, 
and  comparison  with  other  highly-collimated,  polarized  continuum  sources  (such  as 
undulator  and  synchrotron  radiation)  is  under  way.  When  beam  energv,  current  and 
emittance  values  typical  of  free-electron  laser  linacs  are  used  as  a  starting  basis  for 
comparison,  the  intensity  of  the  continuum  emission  from  a  grating  at  i  .iffared  and 
far-infrared  wavelengths  is  expected  to  exceed  that  available  on  an  infrared  beamiine 
on  a  synchrotron.  The  model  is  also  being  used  to  explore  the  gain  parameter  space 
available  to  linac-driven  Smith-Purcell  free-electron  lasers.  A  discussion  of  a 
planned  series  of  experiments  to  be  carried  out  with  40-50  MeV  linacs  will  be 
presented. 
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Smith-Purcell  Radiation  in  the  Relativistic  Electron  Beam  Limit*.  J. 
WALSH  and  K.  WOODS,  Dartmouth  College.  R.  STONER,  MIT.  R. 
FERNOW,  H.  KIRK  and  X.  WANG,  Brookhaven  National  Laboratory. — 
Observations  of  radiation  produced  by  electrons  skimming  over  a 
grating  were  first  reported  by  Smith  and  Purcell  [1].  The  equation 

X  =  t  -  cos6^  (1) 

relating  wavelength  A,,  grating  periodX,  relative  velocity  of  the  electrons  p, 
and  the  angle  of  emission,  was  also  discussed  in  [1].  In  [1]  and  most,  but 
not  all  [2J,  subsequent  experiments,  beams  of  moderate  energy  were 
employed.  Equation  (1)  of  course  remains  valid  as  P-^1.  As  0— ^l/y  ((y 
-1  =  ev|j/mc^),  large  "upshifts"  (t/A  »  Ic  peaking  of  the  radiation  are  to 
be  expected.  It  can  be  shown  that  when  terms  which  depend  explicitly 
on  the  grating  profile  are  grouped  separately,  the  remaining  factors 
which  control  the  coupling  are  summarized  by  the  expression: 

=  (C3/A.3)  sin^ecA)  (2) 

and  it  follows  that  the  ratio  of  the  relative  impact  parameter  (b)  and  the 
grating  period  be  comparable  or  smaller  than  y"  ^ .  The  theoretical  basis 
of  Eq.  (2)  will  be  discussed  and  results  from  recent  experiments  in  which 
operation  at  C/A  »  1  has  been  demonstrated  will  be  presented. 

^Support  of  ARO  Contract  #  DAAL03-91-G-0189  and  ATE  staff  are 
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A  Millimeter  Wavelength  Radiation 
^wee^Using  a  DualGrating  Resonator 

I  H,  Killoran.  F.  L.  Hacker,  and  J.  E.  Walsh 


Abstract— X  novel  means  of  producing  coheivnl  radiation  bv 
IMSsmg  an  electron  through  a  dual>grating  I'csonator  is  presented. 
Tnc  observed  radiation  is  in  accordance  with  the  Sinitb-Purccll 
dispersion  relation  for  a  single  grating.  Feedback  is  provided 
by  a  second  grating.  Experiments  carried  out  at  beam  energies 
from  30-55  KeV  produced  radiation  at  wavelengths  from  6  to 
0.75  mm.  Power  measurement  were  used  to  clarify  the  grating, 
beam  mteraction.  Judications  are  that  operation  could  be  easily 
extended  to  shorter  wavelengths  to  provide  an  inexpensive  and 
compact  radiation  sourec  in  the  far.infrared. 

I.  iN'inoiiucnoN 

The  term  Oixilroii  [1]  is  used  generally  to  describe  a 
colierenl  radiation  source  which  employs  an  open  quasi- 
optical  resonator  to  stoe  eneigy  generated  by  an  electron  beam 
as  it  moves  over  a  diffractitm  grating.  In  its  original  form  the 
resonator  was  completed  by  a  spheroidal  mirror  placed  on  an 
axis  nonnal  to  the  grating.  Radiation  was  extracted  through 
an  apertiw  in  the  minor.  Typical  qjerating  wavelengths  of 
these  devices  fall  in  the  mm  to  upper  sub-mm  region  of  the 
spectrum. 

Tlte  oloclron  beam  as  it  traverses  the  grating  actually  emits 
over  a  range  of  angles  and  wavelengths  related  to  beam  and 
grating  parameters  by  the  well  known  Smitii-Purcell  fonnula 
[2].  Mizuno  [3]  in  a  device  he  termed  the  Ledalton  reported 
on  observations  of  a  surface  mode  which  produ^d  radiation 
along  the  direction  of  beam  propagation. 

A  variation  of  the  device  termed  a  planar  Orotron  [4]-[6] 
has  also  ^n  investigated.  In  this  version  of  the  Orotron  a 
planar  strip  grating  is  embedded  in  an  open  sided  parallel 
plate  wave  guide.  The  resonator  is  completed  with  cylindrical 
section  mirrors  (Fig.  1).  Radiation  is  extracted  along  the 
beam  axis  through  an  aperture  in  the  mirror.  Operation  of 
the  planar  Orotron  has  been  extended  [5]  to  750  GHz  (400 
/*m).  Ultimately  cavity  Q  is  limited  by  the  apertures  and  a 
portion  of  the  power  produced  is  emitted  counter  to  the  beam 
through  the  beam  entrance  aperture.  The  resonator  introduced 
in  this  work  employs  a  second  grating  as  a  feedback  element 
which  circumvents  these  constraints  by  shifting  the  optical  axis 
away  from  the  axis  of  the  electron  beam.  It  is  simnar  in  this 
respect  to  the  original  version  of  the  Orotron  but  tliose 
structures  the  choice  of  emission  angle,  and  thus  wavelemah 
is  not  restricted. 

Mmiuscripl  rooolvod  Si^plcmbcr  13.  m3;  rovlsad  Febniaty  10.  1994 
support  oflho  US  Army  Kcsesroli  Office  DAAL03-91-G.018!)  is  craicfliUv 
acknowledged.  ^  ^ 

H8nivJ''NH‘o3WSUSA**  Department  of  Miyaica,  Dartmouih  Collage, 
llibli  Log  Number  940457S1J. 
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Mg.  2,  Dual  Oraiing  Resonator. 

U.  THENI'WReSONATOK:BaCKGROIJND 

The  gemnetry  of  our  new  resonator  is  shown  in  Fig,  2.  Of 
ihe  two  gratings  employed,  only  one  interacts  with  the  beam 
so  that  radiation  is  emitted  at  an  angle  to  the  grating  surface.  It 
will  be  shown  tiiat  the  emitted  wavelength  is  described  by,  [2] 

-'sp  =  (1) 

whw  A,,,  is  the  wavelength  of  the  spontaneous  radiation 
emitted  at  an  angle  0  with  respect  to  the  grating  nonnal.  and 
ft  is  the  relative  velocity  of  the  eloctrOTi  beam  which  passes 
over  a  grating  of  period  f.  The  integer  n  is  the  relative  outer 
of  the  emitted  radiation. 
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While  (1)  describes  radiation  emitted  spontaneously,  another 
model  is  needed  to  describe  the  coupling  between  the  electron 
beam  and  the  fields  above  the  grating  surface.  We  r/mmiHor 
a  pi  electromagnetic  wave,  with  time  dependence  e’"*. 
which  propagates  along  the  grating  surface  with  a  propagation 
constant  kto-  Fig.  3  shows  the  coordinate  system  used  in 
relation  to  the  grating  which  is  considered  to  be  infinite  in 
the  X  directioni  The  magnetic  field  can  be  expressed  as  a  sum 
of  spatial  harmonics: 

n=-oo 

Eadi  term  of  this  expansion  must  also  be  a  solution  to  the 
Heln^oltz  wave  equation.  Dropping  the  vector  notation  for 
convenience,  we  arrive  at  the  expression. 


II{y,z)= 


where 


=  kto  +  (4) 

kyn  =  (k^  -  (5) 

and  ko  =  w/c.  Terms  of  (3)  for  which  hj,„  is  real  prop¬ 
agate  away  from  the  grating  surface  at  an  angle  (9„  = 
tan  ‘  (hin/fcyn)  measured  with  respect  to  the  grating  normal. 
IJamiomc.s  for  which  irj,n  is  complex  are  evanescent,  meaning 
they  decay  away  exponentially  from  the  grating  surface,  'fhe 
relative  magmtude  of  the  spatial  harmonics  //„  depends  on 
the  the  boundary  condiUons  of  the  specific  grating  profile  used. 
Solving  for  these  coefficients  is  a  difficult  problem  which  must! 
in  ge^al.  be  done  numerically.  Once  H(i/,  z)  is  known,  the 
electric  field  components  follow  trivially. 

Oricc  an  expression  for  the  fields  is  known,  coupling  be¬ 
tween  fields  and  the  electron  beam  can  be  calculated  according 


dl 


^etgy  transfer  from  the  beam  to  the  radiation  field  is  most 
efficient  when  the  velocity  of  the  electron  beam  is  slightly 
greater  than  the  phase  velocity  of  the  wave,  so  that 

(7) 


0  OJ  lii  IJ  20  ti  JO 

Fig.  5.  Dispemion  Ilnno  ReprrseeniflUon  of  Smith  PurocU  rinlmilon. 

Clearly,  this  can  only  be  satisfied  for  spatial  harmonics  widi 
phase  velocities  such  that  =  v^u  <  c  and  is 

complex,  TTus  condition  is  graphically  represented  by  the  slow 
r^it»  of  the  dispersion  plane  shown  in  Fig.  4.  The  units  used 
in  this  graph  are  scaled  with  the  grating  period  £  such  that 
a  wave  propagating  with  phase  velocity  c  is  denoted  by  a 
line  of  slope  1.  Similarly,  an  electron  beam  with  velocity  v 
can  be  denoted  by  a  line  of  slope  0  =  v/c.  Using  (7),  the 
Smith-Purcell  relation  (])  can  be  rewritten  as 

ktn£  w£  . 

-^  =  ^smd  +  „.  (8) 

Ouq)ut  of  the  ni'*  order  at  a  given  angle  can  be  graphically 
represented  by  the  intersection  of  (8)  and  the  ‘beam  line*  as 
shown  in  Fig.  5  for  0  =  -45  degrees. 

Of  the  two  gratings  used,  only  one  serves  to  provide  the 
stiinulus  for  radiation  emission.  The  function  of  the  second 
grating  is  to  return  this  radiation  to  the  surface  of  the  first 
gating  sueb^  that  two  gratings  together  form  a  resonant  cav- 
it^  How  tills  can  bo  achieved  is  best  illustrated  using  (ho 
diffractioa  grating  formula, 

tnj=zBm0t  +  mn0,n.  (9) 

This  equation  describes  the  diffracticMi  of  a  plane  wave  of 
wavelength  A  incident  on  a  grating  of  period  f  at  an  angle 

by  (?<,  The  wave  will  then  be 
auTTBc^  into  various  orders  given  by  the  integer  m  at  angV 
0m  >  The  number  of  difilracted  orders  is  determined  by  the 
value  of  A,/£.  Per  X/£  >  2  only  the  m  =  0  order  exists 
and  all  iiKident  radiafion  is  specularly  reflected  (/?<  =  —Om). 
The  specific  grating  profile  determines  the  distribution  of  die 
incident  radiation  into  multiple  diffracted  orders  [T]. 

For  a  Liimow  configuration,  the  incident  wave  diffracted 
into  the  orrter  is  always  returned  at  the  incident  angle. 
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and  Ow  grating  behaves  like  a  mirror.  The  Littrow  angles  are 
specified  by  Ot  =  so  equation  9  becomes 

mj  =  28m(?<.  (10) 

While  some  radiation  is  inevitably  diffracted  into  the  tn  =  o 
order,  it  has  been  shown  that  for  the  echeletie  profile  the 
efficiencies  for  Littrow  configmed  gratings  can  approach  unity 
when  the  radiation  is  incident  at  an  angle  nonnal  to  the  gratina 
tooth  [8]. 

It  should  be  noted,  that  the  diffraction  theory  presented 
here  is  not  a  complete  description  of  the  present  device. 
The  dual  grating  resonator  has  only  been  shown  to  operate 
when  the  distance  separating  the  gratings  is  comparable  to 
the  evaufisconi  length  of  the  alow  spatial  liArmrmi<>^  defined 
in  (3)  (  ~  ky„^/2K  ).  Therefore,  the  gratings  are  not 

independent  and  (3)  is  a  simplification.  In  particular,  ouqmt 
radiation  has  been  observed  for  wliich  X/(.  >2,  a  wavelength 
at  which  Littrow  reflection  is  not  possible.  Operation  does 
follow  a  simple  and  predictable  pattern,  as  shall  be  shown. 

in.  Apparatij.s 

Tho  Dartmouth  College  Plasma  Lab  Planar  Orotron  utilizes 
a  Pieice  type  electron  gun  to  generate  an  electron  beam.  A 
30  KV  power  supply  is  used  to  chaige  1000  feet  of  RG- 
8U  coaxial  cable  which  serves  as  a  large  capacitor  with  an 
approximately  li  /<s  dischatge  time.  The  capacitor  is  rapidly 
discharged  to  focm  a  high  voltage  pulse  which  is  stepped  up  by 
a  12:1  ratio.  Electrons  are  mitted  across  an  A-K  gap  formed 
by  a  Barium  Oxide  impregnated  'Dingston  matrix  cathode  and 
a  carbon  graphite  anode  held  at  ground  potential.  Hie  repeat 
rate  is  adjustable  but  is  generaUy  set  at  around  1  Hz.  Beam 
energies  over  200  keV  can  be  attained. 

Fig.  6(a)  and  6(b)  show  the  dimensions  of  the  resonator 
used  for  our  experiments.  Essentially,  the  resonator  is  formed 
by  two  grades  held  together  in  a  two  part  mount  with  fixes 
them  in  position.  Both  the  mount  and  gratings  are  made  of 
alunimum.  Two  carbon  blocks,  mounted  at  the  entrance  to  the 
resonalor.  serve  to  ‘trim’  the  beam  to  a  roughly  rectangular 
profile  0.150  in.  tliick.  At  the  opposite  end,  the  electron  beam 
and  output  radiation  exit  the  resonator  and  pass  into  a  section 
of  WR-28  waveguide  where  the  dectraa  beam  is  diverted 
by  a  small  fixed  magnet  and  ‘dumped'  onto  the  walls  of  the 
guide,  Ouqiul  radiation  continues  on  and  leaves  the  vacuum 
chamber  through  a  teflon  window  and  can  then  be  detected 
and  characterized. 


6.00  in. 

(fl) 


Orboi 


(b) 

0.  (ft)  The  douhlo  grtuliig  ivsunaior  (scale  drawing)  (h)  double 
^Tuling  n»ooaU)r  in  operation  (scale  drawing). 
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(Configuration 

A 

Grating  1 
^wtooth 

■ 

1.524 

(irating  2 
Erhclettc 

^2  (mmT 

1.524 

B  1 

0 

Sawtooth 

Sawtooth 

3.048 
r  1.524 

Edieletlc 

JSchelette 

1.524 

0.762 

D 

Sawtooth 

0.762 

EcJieiotto 

0-762 

IV,  THENl‘WRESONA7X)KiOraRAll()N 

Table  I  lists  the  four  different  grating  combinations  used  in 
our  ex^iments.  The  profiles  of  both  gratings  were  chosen  to 
maximize  the  efficiency  of  radiation  incident  at  45  degixscs  to 
the  nonnal.  The  eclieieiic  profile,  blazed  at  45*.  was  alWays 
used  grating  #2  because  it  has  been  shown  theoretically  and 
exporimeutally  to  lie  higlily  efficient,  particnlaily  when  used 
as  a  Littrow  mount  [8].  Hie  ‘sawtooth’  profile  was  also  chosen 
twause  it  had  been  used  in  pnevious  research  [5]  and  had  been 
shown  to  have  desirable  gain  characteristics.  For  this  work. 


the  sawtooth  profile  is  defined  as  any  triangular  profile  which 
has  a  non-apex  angle  of  90*.  Unlike  echelette  gratings,  the 
sawtooth  profile  is  always  antisymmetric.  Experiments  were 
run  with  both  orientations  of  the  sawtooth  profile  with  respect 
to  the  electron  beam  as  shown  in  Fig.  7. 

Output  radiation  was  measuied  using  two  differeni  de¬ 
tectors.  a  diode  and  a  Liquid  Silium  cooled  InSb  electron 
bolometer.  Both  detectors  provide  an  output  signal  roughly 
prc^jomonal  to  the  output  power.  While  the  diode  detector 
n^  no  cooling,  it  rapidly  looses  sensitivity  at  frequen¬ 
cies  over  100  GHz.  The  bolometer  provides  fairly  uniform 
sensitivity  from  30-1200  GHz  [9]. 
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MIfrof  TnniltUon  (mm) 


Fig.  8.  An  jniortbrognim  of  unflltorod  diilu. 


Hg.  10.  blcrfcrogrwi)  made  with  high  pass  niler  in  place. 


fig.  9.  Fourier  imnsAjitn  of  unnitei^  data. 


fig.  J  J.  Fourier  imnafoiTn  of  fliiered  ouiput. 


Prequeucy  moasuremeats  were  made  with  a  Michelson 
intetferoraeter.  and  spectral  content  analyzed  using  a 
discrete  Fourier  tnmsfonn.  In  virtually  all  cases,  multi-mode 
operation  was  observed,  wifli  power  levels  sharply  decteasing 
for  the  liighor  frequency  modes.  Fig.  8  shows  an  interferogram 
taken  using  resonator  configuration  A.  The  lowest  order  fre¬ 
quency  component  is  highly  dominant  and  higher  frequency 
components  are  not  apparent  by  inspection,  but  are  revealed 
using  a  Fourier  transform  in  Fig.  9.  The  dominani  n  :=  i 
component  not  sliown  in  the  fi^  is  at  61  GHz  and  has 
a  magnitude  of  2.4  x  A  second  interferogram.  made 
using  a  250  GHz  high  pass  filter  is  shown  m  Fig.  10  and  it’s 
corresponding  Fourier  transform  in  Fig.  U.  While  in  principal 
the  filter  removes  only  the  frequency  components  below  250 
GHz.  it  does  appear  that  the  modes  about  300  GHz  have 
been  sharply  attenuated  as  well.  IMs  is  most  likely  due  to 
^all  shifts  in  the  beam  velocity  between  measurxsments.  since 
individual  modes  tend  to  strongly  prefer  highly  specific  beam 
energies. 

By  assuming  synchronous  coupling  with  the  electron  beam, 
the  data  can  be  reduced  and  plotted  on  the  dispersion  plane 
as  shown  in  Fig.  12.  The  diagonal  line  through  each  data 
pomt  represems  the  unceilainty  due  to  the  resolution  of  the 
interferometer.  This  exceptional  data  lecoidod  seven  simulta¬ 
neous  modes  of  operation,  about  twice  the  number  typically 
observed.  On  the  basis  of  the  measured  frequency,  the  beam 
velocity,  and  (7).  an  effective  ‘emission’  angle  can  be  calcu¬ 
lated.  The  data  shown  is  typical  because  each  mode  falls  near 
one  of  the  lines  corrcsironding  to  Smitli-PurceU  ‘emission.’  at 
a  particular  angle  in  this  case  either  -45  or  -f45  degrees. 


Table  II  summarizes  the  frequency  data  for  the  various 
resonator  configurations,  Resonator  configuration  A  was  used 
for  the  m^ority  of  the  data  collected,  and  perhaps  this  is 
why  mtHB  modes  have  been  observed  with  it.  The  starred 
^tries  umter  Configuration  C  indicate  a  possible  ambiguity 
in  the  scalitrg  of  fiequencies  with  grating  period  introduced 
by  the  two  t^erent  grating  periods  used.  Gore  examination 
of  the  data  indicates  that  a  high  frequency  mode  observed 
using  this  configuration  may  have  been  due  to  a  lower  order 
mode  excited  by  the  shorter  period  grating.  IhfrequenUy,  a 
mode  of  operation  below  the  n  -^  ]  mode,  denoted  by  «  =  0 
in  Table  H,  was  observed.  All  spatial  harmonics  of  this  mode 
are  evanescent,  therefore  the  second  grating  does  not  provide 
any  feedback.  This  mode  prdbably  operates  because  the  end  of 
the  grating  is  seen  by  the  wave  as  a  discontinuity  and  causes 
substantial  reflection,  enough  to  form  a  resonant  cavity. 

Another  measuiment  of  interest  the  Oscillation  Cur- 
rent  which  is  the  minimum  current  necessary  to  gener- 
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V.  Summary 

Experimental  results  from  a  new  type  of  resonator  for  use 
as  an  electron  beam  driven  radiation  source  are  presented. 
The  device  operates  in  multiple  modes,  each  at  a  discrete 
frequoncy,  A  simple  model  assuming  synchronous  coupling 
trf  a  TM  wave  to  the  electron  beam  shows  a  distinct  correla¬ 
tion  between  each  mode  of  operation  and  harmonics  emitted 
according  to  the  Smith-Pureoll  equation,  ITie  radiation  ranged 
in  output  ^uency  from  50400  GHz.  Power  levels  decreased 
shaiply  with  increasing  frequency.  For  the  lowest  order  modes, 
]X)wer  levels  were  observed  in  the  range  of  10  W.  The  rate  of 
increase  of  output.power  with  currmit  indicates  that  the  device 
is  not  operating  at  saturation.  The  decrease  in  power  at  shoitcr 
wavelengths  is  mainly  the  result  of  the  decreasing  fraction  trf 
the  b^  being  used  to  drive  the  cavity.  As  A  decreases,  the 
coupling  terms  of  the  electromagnetic  field  decay  away  more 
rapidly  with  iitereased  distance  from  the  grating  surface.  The 
result  is  that  an  ever  greater  portion  of  the  beam  passes  ‘too 
high’  above  the  grating  surface  to  be  effectively  utilized.  This 
trend  can  be  compensated  for  by  using  higher  charge  density 
electnm  beams. 

These  proof-of-prmcipal  resonators  set  the  foundation  for 
fii^  work  using  higher  Q  cavities  to  reduce  the  start  oscil- 
laticm  Current  and  improve  mode  selectivity.  It  is  expected 
that  improved  resonator  designs,  and  better  electron  beam 
generation,  will  result  in  higher  attamablo  ouqmt  frequencies. 
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ate  sufficient  radiation  to  overcome  the  inherent  cavity  losses. 

The  value  of  /start  should  be  invmely  proportional  to  the 
resonator  quality  factor  Q  Previous  research  at  Dartmouth 
[10],  using  a  coirfocal  resonator,  demonstrated  (he  dqiendence 
of  f*tBi  t  00  cavity  Q.  Metal  meshes  were  used  to  cover  the 
output  apeitures,  and  increase  cavity  Q,  resulting  in  reduced 
start  cuirents.  For  the  dual  grating  resonator,  the  measured 
start  currents  were  sensitive  to  small  adjustments  of  the 
gratings.  The  dominant  trend  was  that  ^tart  increased  with 
grating  separation  b,  — spaceas  shown  in  Fig.  13  for  resonator 
configuration  A.  Preci.<ie  comparison  with  specific  Q  values  is 
extremely  difficult  using  the  present  beam  generator. 

Rg.  14  shows  output  radiation  power  as  a  function  of  input 
election  beam  power  measured  by  varying  the  current  for 
a  fixed  electron  beam  eneigy.  These  power  measurements 
were  made  using  Uie  n.  =  1  mode  of  resonator  configuration 
A  tuned  to  approximately  65  GHz.  A  convenient,  calibrated 
source  was  available  at  that  frequency.  The  rate  of  increase 
of  power  with  cuirent  clearly  indicates  that  the  device  is 
not  operating  at  saturation.  While  these  power  levels  are 
icspectable  for  sources  of  this  typo,  the  efficiencies  arc  very 
low  3  X  10-®  ).  However.  c^x»atlng  efficiencies  could  be 
drastically  improved  if  a  recapture  sclwme  were  in  place  to 
utilize  the  CAn.sidarable  amount  of  eneigy  loft  in  (he  electron 
beam  once  it  leaves  the  resonator. 
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.SUMMAUV  of  J^EQUHNCY  MUASURKMliNrs 


Configuration 

Xfodes  Observed 

Output  tVtsquonciej^fGHzT^ 

A 

(IFTtI 

62,122,182,24.1,318,380,432 

B 

3);(2),(3).(4) 

32,80,120,160 

C 

J)l,(l).{2).(2‘)  - 

51,00,118,240* 

D 

(l).(2).(3) 

125»24fi,S74 

l-S  3  2.S  i  M 

OnUiAf  i/f 


^  Hg.  13,  Start  oscUlaiJon  oumsfil  vorgiig  gniiin^  spacing;  Configuration  A. 
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is  determined  by  the  usual  boundary  conditions.  In  Eq. 
(4),  y  is  the  dimension  along  the  grating  slot  and  h,  the 
“impact  parameter”,  lies  along  the  Ar-axis.  The  spatial 
extent  of  the  footprint  of  the  electron  along  the  direc¬ 
tion  of  propagation  scales  in  proportion  to  the  recipro¬ 
cal  of  the  relative  energy  (y"0.  On  a  smooth  surface, 
no  radiation  is  produced  by  current 


;  =  (5) 

When  the  surface  is  broken  up  into  strips,  however,  the 
situation  is  modified.  The  strip  grating  acts  as  a  spatial 
switch  which  produces  an  on-off  modulation  which 
“slides  through  the  charge”  at  velocity  c/3.  A  modu¬ 
lated  current  results  and  a  radiative  boundary  condi¬ 
tion  (Eq.  (2a))  is  now  satisfied. 

The  standard  expression  [10]  relating  current  and 
radiation  can  then  be  used  to  estimate  the  power 
radiated.  The  integrations  required  are  straightfor¬ 
ward.  The  contribution  from  the  y-dependence  yields  a 
modified  Bessel  function  which  is  sharply  peaked  in 
the  x-z  plane.  The  region  of  interest  is  thus  near  to 
the  plane  defined  by  the  emission  angle  and  the  beam 
axis.  Carrying  out  the  remaining  integrations  then 
yields: 


dV  le-ui  \ -2o)b' 

-JTZ — ^  —T^siird  exp  - 

d<p  dz  dw  c/3y 


(6a) 


or 


d^I  4e^  sin 

dz  d/3  irh  ^1  —  p  cos  0)^ 

Airb/l 

Xexp - 

y(l  -  p  cos  6) 


(6b) 


Eq.  (4a)  is  the  energy  per  unit  azimuthal  angle  per  unit 
length  of  a  path  per  unit  angular  frequency  (b  is  the 
impact  parameter  of  the  electron).  The  structure  of  the 
formula  emphasizes  the  similarity  of  the  Smith-Purcell 
radiation  and  Cherenkov  radiation  in  a  dielectric  half¬ 
space.  The  second  of  Eqs.  (4)  follows  when  Eq,  (3)  is 
used  to  relate  da)  with  the  differential  solid  angle. 
When  the  condition 


47rb/l  \ 

- -  <4 

1  —  /3  cos  0  / 


(7) 


is  met,  Eq.  (4)  will  display  strong  peaking  in  the  for¬ 
ward  (^  --  1/y)  region.  Representative  examples  are 
shown  in  Fig.  2. 

The  power  scaling  of  the  radiation  produced  by  a 
beam  follow  from  Eqs.  (4)  if  is  replaced  by  c/^, 
where  ^  is  the  beam  current.  The  coefficient  of  Eq. 
(4b)  is  then 


4e/b 

tt/^ 


1834(^) 

/^(cm) 


nW/cm-sr. 


(3) 


The  power  level  of  the  spontaneous  emission  is  mod¬ 
est,  but  it  exceeds  by  a  large  margin  the  black-body 


Fig.  2.  Typical  angular  distributions  for  two  values  of  b //,  0.1  (a)  and  0.01  (b). 
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emission  in  the  longer  wavelength  part  of  the  far-in¬ 
frared.  In  addition,  like  the  far-infrared  beam  line  on  a 
synchrotron,  in  the  relativistic  limit,  the  Smith-Purcell 
radiation  is  strongly  polarized  and  highly  peaked.  The 
spontaneous  emission  is  in  itself  a  potentially  useful 
source  for  Fourier  transform  spectroscopy.  The  process 
may  also  be  the  basis  of  a  free-electron  laser. 


3.  Recent  experiments 

The  experiments  summarized  in  ref.  [2]  yielded 
(spontaneous)  Smith-Purcell  radiation  which  was  tun¬ 
able  over  a  range  from  a  few  mm  down  to  approxi¬ 
mately  300  p.m.  The  lower-wavelength  limit  was  not  a 
fundamental  constraint,  but  a  result  of  the  detectors 
used  and  the  geometry  of  the  system  used  to  collect  the 
radiation  emitted  from  the  grating. 

The  interaction  chamber  used  for  the  work  de¬ 
scribed  in  ref.  [2]  has  now  been  installed  on  a  beam 
line  at  the  ATF  facility  in  Brookhaven  National  Labo¬ 
ratory  (ATF-BNL).  The  ATF-BNL  is  a  photocathode 
injector-driven  linac,  and  the  beam  brightness  is  sub¬ 
stantially  greater  than  the  Van  de  Graaff  accelerator 
used  in  the  experiments  conducted  at  Oxford.  The 
principal  goals  are  now  to  verify  the  existence  of  for¬ 
ward  peaking  and  examine  options  for  Smith-Purcell 
free-electron  lasers. 


4.  Conclusions 

The  theory  introduced  above  is  based  on  very  sim¬ 
ple  assumptions  and  in  this  sense,  it  is  complementary 
to  calculations  which  begin  from  a  detailed  [11-16] 
consideration  of  scattering  from  a  grating.  It  has  the 
virtue  of  clearly  displaying  its  dependence  on  the  pa¬ 
rameters  of  the  experiment.  It  also  points  up  a  result 
which  is  at  first  surprising:  In  order  to  maintain  good 
coupling  of  a  beam  with  a  grating  at  short  wavelengths, 
it  is  necessary  to  minimize  the  impact  parameter  {b, 
the  mean  distance  to  beam  in  a  typical  experiment), 
and  increase  the  period  along  with  the  beam  energy. 


The  first  of  these  conditions  is  obvious  but  the  second 
is,  at  first,  surprising.  The  relationship  implied  by  Eqs. 
(4)  yields  for  a  final  scaling  \  ^  l/y^  ^  irb/y.  Since 
0.1<i?<l  mm  fall  within  the  achievable  focussing 
.  tolerance  of  moderate-energy^  high-quality  linacs,  op¬ 
eration  in  the  infrared-far-infrared  regions  of  the 
spectrum  are  a  realistic  possibility. 
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We  present  a  new  and  greatly  simplified  derivation  of  the  tuning  relation  for  a  Cerenkov  free-electron  laser 
The  laser  uses  an  electron  beam  to  excite  coherent  light  in  a  planar  waveguide.  The  geometric  (or  zig-zag) 

rT  hte  Cerenkov  radiation  <&- 

excited.  The  results  obtained  are  identical  to  earlier  research  based  on  the  formal  appli¬ 
cation  of  Maxwells  e^tions.  However,  the  geometric  approach  adds  physical  insight  into  the  Cere^ov 
free-electron  laser  design  problem.  The  dependence  of  output  wavelength  on  electron-beam  voltage  and  reso¬ 
nator  thickness  is  plotted.  A  sample  laser  is  designed  for  operation  from  150  to  825  ^m. 


V 

The  Cerenkov  free-electron  laser  (FEL)  is  an 
electron-beam-driven  source  of  tunable,  coherent  ra¬ 
diation.  It  consists  of  an  electron  beam  passing 
over  a  dielectric  resonator  and  is  shown  schemati¬ 
cally  in  Fig.  1.  When  the  electron  velocity  is  close 
to  the  phase  velocity  of  light  in  the  dielectric,  energy 
IS  transferred  from  the  electrons  to  a  TM  mode. 
(The  TE  mode  is  not  excited  because  it  has  no  axial 
electric  field  to  exert  a  force  in  the  direction  of  elec¬ 
tron  motion.)  The  electrons  bunch  in  the  retarding 
phase  of  the  field  and  radiate  coherently.  For  a 
given  resonator,  the  electron  energy  dictates  the 
wavelength  of  this  coherent  light.  This  tunability 
transforms  the  FEL  from  a  laboratory  curiosity  to  a 
potentially  indispensable  laboratory  tool. 

Wavelength  tuning  of  the  Cerenkov  FEL  has  been 
demonstrated  *  and  modeled.  Past  theoretical  treat¬ 
ments  relied  on  a  strict  application  of  Maxwell’s 
equations  in  the  waveguide  and  vacuum  regions. 
Boundary  conditions  were  imposed  to  determine  the 
dispersion  relation,  D((a,k,)  =  0.  This  function  of 
the  output  frequency  w  and  the  longitudinal  wave 
number  k,  must  be  solved  numerically.  The  results 
may  be  displayed  on  the  w—kg  plane  or  rewritten  in 
terms  of  measurable  quantities  such  as  wavelength 
and  beam  energy.  The  technique  is  time  consum¬ 
ing,  and  little  physical  insight  is  gained.  A  simpler 
approach  grows  naturally  from  the  geometrical- 
optics  view  of  waveguides^  and  is  presented  in 
this  Letter. 

In  the  zig-zag  theory  of  guided  waves,  a  plane 
wave  in  the  dielectric  waveguide  propagates  through 
successive  reflections  at  the  ^electric-air  interface. 
To  apply  this  concept  to  the  Cerenkov  FEL,  consider 
the  planar  slab  resonator  of  thickness  d  and  index  ni 
si^pended  in  vacuum  =  1).  It  is  illustrated  in 
Fig.  2.  The  modes  of  interest  are  guided  TM  modes. 
To  remain  within  the  dielectric,  these  modes  must 
be  incident  at  the  air  interface  at  an  angle  that  ex¬ 
ceeds  the  critical  angle  for  total  internal  reflection, 
^crit  =  sin  Ktii/ni).  In  this  limit  the  reflection  co¬ 
efficient  R  =  |r|^  exp(i25)  is  complex  with  an  ampli¬ 


tude  of  1  and  a  phase  shift  given  by^ 


1  — )  («i  sin 

5tm  =  tan'*] — ^ ^ - J -  q) 

Ui  cos  di 

The  subscript  TM  is  included  to  emphasize  the  po¬ 
larization  dependence  of  the  equation.  The  wave 
must  also  be  self-consistent:  the  sum  of  all  the 
phase  shifts  in  a  round  trip  must  be  a  multiple  of  27r. 
In  a  round  trip,  the  ray  travels  from  x  =  0  to  x  =  d, 
is  reflected  at  x  =  </,  travels  back  from  x  =  d  to 
X  =  0,  and  is  again  reflected  at  x  =  0.  Adding 
these  phase  contributions  gives  the  transverse  reso¬ 
nance  condition. 


2  ^  ni  cos  6\  —  45tm  “  2M'7r,  (2) 

where  M  =  0, 1, 2, ...  is  the  mode  number.  Substi¬ 
tution  of  Eq.  (1)  into  Eq.  (2)  and  solving  for  the 
dimensionless  frequency  gives  all  possible  values  of 
o)d/c  as  a  function  of  tii  and 


c  rii  cos  Bi 

X  +  2  tan'*|— [(m  sin  -  l]“*|j.  (3) 

The  information  contained  in  this  equation  becomes 
apparent  when  the  origin  of  the  guided  radiation 
in  a  Cerenkov  FEL  is  considered. 

All  possible  guided  modes  of  the  resonator  are  de¬ 
scribed  by  Eq.  (3).  We  are  concerned  only  with 
those  that  will  be  excited  by  an  electron  beam.  A 
necessary  condition  for  the  interaction  is  that  the 
electron  is  located  within  the  evanescent  tail  of  the 
rnode.  This  evanescence  length  is  quantified  by  re¬ 
fining  the  notion  of  reflection  at  an  interface.  The 
phase  shift  Stm  may  be  treated  as  an  increase  in  the 
ray’s  path  length  (the  Goos-Hanschen  shift)  as 
shown  in  the  detail  of  Fig.  2.  At  the  interface  the 
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Fig.  1.  Schematic  view  of  the  Cerenkov  FEL.  The  pre-' 
sentation  is  intentionally  vague  because  the  design 
specifics  (electron-beam  voltage,  resonator  dimensions) 
are  dictated  by  the  chosen  region  of  operation. 


Fig.  2.  Geometric  view  of  guided  modes  in  the  Cerenkov 
FEL.  A  planar  resonator  of  index  rii  and  thickness  d 
is  suspended  in  vacuum.  An  electron  beam  propagates 
paraUel  to  the  surface  of  the  resonator,  along  the  z  axis. 
A  guided  mode  is  represented  by  a  ray  that  has  total  inter¬ 
nal  reflection  at  the  dielectric-air  interface.  The  angle  of 
propagation  is  dictated  by  the  angle  of  Cerenkov  emission 
and  is  its  complement.  The  detail  illustrates  the  Goos- 
Hanchen  shift.  This  is  a  geometric  interpretation  of  the 
phase  shift  that  occurs  on  reflection  at  an  interface. 


and  fast  electrons.  This  emission  angle  selects 
a  particular  resonator  mode,  dc  is  just  the  com¬ 
plement  o£-0i,  so  Eq.  (3)  may  be  rewritten  to  ac¬ 
commodate  the  Cerenkov  emission  explicitly.  By 
substituting  sin  0,  =  cos  0,  =  l/^m  and  cos  6i  = 
sin  6-  =_[1  -  we  can  write 

<od  _  p 

c  ~  uzf/S-  -  1)*- 


X  \M-  -r  2  tan' 


1-^- 
(nr/3-  -  1)*^ 


The  excited  frequencies  are  now  specified  entirely 
by  the  material  index  n^,  the  electron  velocity  )3,  and 
a  mode  number  M.  The  same  expression  can  be  ex¬ 
tracted  from  the  formal  electromagnetic  dispersion 
D((D,k-)  =  0  when  synchronism  (/3  =  o)/ck,)  is  as¬ 
sumed  and  the  necessarj'  manipulations  are  per¬ 
formed.  The  relation  itself  is  not  new,  but  the 
intuitive  application  of  geometric  optics  is  presented 
here  for  what  is  to  our  knowledge  the  first  time. 

The  above  arguments  may  also  be  applied  to 
evaluate  the  modes’  vacuum  penetration  depth. 
Substituting  Eq.  (5)  into  Eq.  (4),  we  can  write  q 
in  terms  of  the  electron  energy  y  =  (1  — 
relative  velocity  /3,  and  free-space  wavelength  A  = 
2irc/cu:  q  =  27r/A/3y.  The  entire  electron  beam  of 
thickness  crj  should  be  within  a  few  evanescence 
lengths  of  the  waveguide.  Assuming  that  the  beam 
just  skims  the  dielectric  surface,  the  restriction 
becomes 


(7) 


ray  of  magnitude  |k|  =  w/c  is  refracted  according  to 
Snell’s  law  and  subsequently  reflected  at  a  virtual 
surface  a  short  distance  from  the  real  one.  The  ef¬ 
fective  wave  number  representing  the  penetration 
into  the  vacuum  is  imaginary.  With  the  use  of 
trigonometric  relations  and  Snell’s  law  it  can  be 
written  in  terms  of  previously  defined  quantities: 

iq  =  - (1  _  0  )I2 

c 

The  meaning  of  the  imaginary  q  is  that  the  plane 
wave’s  vacuum  amplitude  no  longer  oscillates  but  de¬ 
cays  as  exp(— qx),  where  x  is  measured  from  the  in¬ 
terface.  The  mode  maintains  a  reasonable 
amplitude  within  an  evanescence  length  of  x  =  1/q. 

Expressing  quantities  in  terms  of  an  arbitrary  ray 
angle  is  of  limited  value  unless  the  directional  na¬ 
ture  of  Cerenkov  emission  is  incorporated.  When 
an  electron  propagates  along  the  2  axis  through  the 
evanescent  tail  at  a  velocity  )3  =  v/c  >  l/nj,  it  cre¬ 
ates  an  optical  shock  wave.  The  resulting  light  is 
emitted  as  a  half-cone  in  the  dielectric.  It  propa¬ 
gates  at  an  angle  to  the  2  axis  given  by 


and  known  as  the  Cerenkov  angle.  The  electron  ve¬ 
locity  and  the  index  of  the  material  dictate  the  angle 
of  emission;  it  is  larger  for  optically  dense  materials 


electron  voltage  (IceV) 

Fig.  3.  Normalized  wavelength  K/d  plotted  versus  the 
electron-beam  voltage  for  quartz,  sapphire,  and  germa¬ 
nium  planar  resonators  (ni  ~  2,  3.1,  and  4,  respectively) 
suspended  in  vacuum  (^2  =  1).  The  output  wavelength  is 
shorter  at  lower  energies,  where  the^  steepest  part  of  the 
tuning  curve  is  found.  There  is  no  Cerenkov  emission  at 
voltages  that  do  not  accelerate  the  electrons  to  superlumi¬ 
nal  velocities.  Higher-order  modes  are  similar  but  are 
shifted  to  shorter  wavelengths. 
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For  practical  design,  a  plot  of  the  dimensionless 
wavelength  A/d(n,)8,M)  as  a  function  of  electron- 
beam  voltage  V(p)  is  useful.  Equation  (6)  is  easily 
rewritten  in  terms  of  the  wavelength  by  noting  that 
\/d  —  27rf((i)dlc),  The  electron  accelerating  voltage 
can  also  be  expressed  as  a  function  of  relative  veloc¬ 
ity  )3, 


y(keV)  = 


-  1 


511, 


Sample  tuning  plots  for  quartz,  sapphire,  and  ger¬ 
manium  planar  resonators  are  shown  in  Fig.  3  for 
the  TMoi  mode.^  Notice  that  no  radiation  is  gener¬ 
ated  below  a  specific  voltage.  The  threshold  corre¬ 
sponds  to  the  point  at  which  electrons  no  longer 
exceed  the  speed  of  light  in  the  medium  c/n  i .  Sub¬ 
stituting  the  threshold  velocity  jS  =  l/rii  into  Eq.  (S> 
gives  an  equation  for  the  threshold  voltage, 


Vr(keV)  = 


1  511. 


(9) 


The  procedure  for  designing  a  practical  source  of 
radiation  to  operate  in  a  specific  spectral  region  is 
straightforward.  The  sapphire  planar  slab  resona¬ 
tor  has  produced  radiation  in  our  laboratory  *  and 
will  be  used  as  an  example.  Our  accelerator  pro¬ 
duces  20-100-keV  electrons.  The  threshold  voltage 
for  sapphire  (rii  =  3.1)  is  calculated  from  Eq.  (9) 
to  be  29  keV.  The  appropriate  curve  on  Fig.  3. 
indicates  that  29-100  keV  corresponds  to  \/d  = 
1-5.5,  Assume  that  we  choose  to  operate  in  the  far- 


infrared  region  of  the  spectrum,  100  /xm  to  1  mix 
This  is  a  logical  choice  since  there  are  few  compare 
ble  sources  there.  A  planar  slab  150  /im  thic 
would  tune  from  A  =  150  to  825  /xm,  an  astonish 
ingly  broad  range.  Perhaps  the  most  difficult  as 
pect  of  the  design  (when  presented  in  this  manner 
is  choosing  a  material  that  maintains  the  appropr: 
ate  index  and  sufficiently  low  absorption  throughou 
the  target  spectral  region. 
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A  beam  of  3.6-MeV  electrons  has  been  used  to  study  the  generation  of  radiation  in  the  far  infrared 
(FIR)  by  the  Smith-Purcell  mechanism.  The  dependence  of  wavelength  on  angle  of  emission,  over  an¬ 
gles  from  56®  to  150®  and  wavelengths  from  350  to  1860  pm,  is  in  excellent  agreement  with  the  Smith- 
Purcell  dispersion  relation.  Comparison  of  the  yield  with  that  from  a  5000-K  source  suggests  that  the 
spontaneous  Smith-Purccll  effect  offers  an  easily  tunable  alternative  to  the  synchrotron  as  a  coherent 
FIR  source,  and  that  it  could  also  form  the  basis  of  an  inexpensive,  compact  free-electron  laser. 


PACS  numbers:  41.75.Ht,  41.60.Cr 

We  report  the  first  observations  of  Smith-Purcell  (SP) 
radiation  in  the  submillimeter-far-infrarcd  region  of  the 
spectrum.  Unlike  both  early  [l]  and  more  recent  work 
[2],  which  relied  on  low-energy  electron  beams  and  con¬ 
centrated  on  emission  in  the  visible,  here  a  relativistic 
electron  beam  was  employed  and  the  emphasis  is  on  a 
spectral  region  where  the  population  of  sources  is  sparse. 

Comparison  of  the  measured  value  of  the  emitted 
wavelength  (Xsp)  and  the  emission  angle  (0)  for  a  series 
of  gratings  confirms  in  detail  that  the  process  obeys  the 
celebrated  SP  formula: 

^sp*XgI1/^““Cos0J  .  (l) 

The  parameter  Xq  is  the  grating  period  and  P  is  the  rela¬ 
tive  velocity  of  a  beam  electron.  In  the  spectral  region 
where  the  radiation  was  observed,  the  level  is  comparable 
to  that  produced  by  an  infrared  beam  line  on  a  synchro¬ 
tron.  The  emission  from  compact,  linear-accelerator- 
driven  gratings  would  be  much  greater.  Thus,  the  process 
provides  a  means  whereby  Fourier-transform  spectroscop¬ 
ic  techniques  can  be  extended  into  the  technologically  im¬ 
portant  long-wavelength  spectral  region.  The  grating  is 
also  a  much  simpler  structure  than  a  magnetic  undulator 
and  with  adequate  feedback  it  offers  another  basis  for  the 
free-electron  laser  (FED  [3]. 

The  inverse  SP  process  has  also  been  considered  as  a 
possible  means  of  accelerating  electrons  to  high  energy 
[4].  Although  in  the  present  work  acceleration  was  not 
the  object,  coupling  of  near  speed  of  light  electrons  and 
gratings  has  been  demonstrated. 

The  electrons  were  accelerated  in  a  modified  10-MV 
Van  de  Graaff  accelerator  formerly  used  for  a  program  of 
nuclear  structure  research  at  Oxford.  Conversion  to  ac¬ 
celerate  electrons  had  been  started  in  preparation  for  a 
FEL  project  which  was  then  not  funded.  Work  necessary 
to  enable  efficient  electron  transmission  [5]  was  complet¬ 
ed  and  an  electron  gun  was  kindly  lent  by  the  Depart¬ 
ment  of  Physics,  University  of  Glasgow. 


First,  acceleration  of  the  electrons  was  obtained  at  an 
energy  of  3.6  MeV.  The  grid  of  the  gun  was  pulsed,  giv¬ 
ing  6-/iS  bursts  of  electrons  at  1  Hz.  Considerable 
difficulties  were  experienced  with  both  the  yield  and  short 
lifetime  of  the  cathodes;  these  were  not  fully  overcome. 
Another  pair  of  unsolved  problems  were  a  slight  position¬ 
al  jitter  in  the  beam  and  a  beam  size  slightly  larger  than 
expected.  The  beam  size,  shape,  and  transverse  position 
could  be  controlled  using  the  up-stream  deflecting  mag¬ 
nets  and  quadnipole  (Fig.  1). 

The  electron  beam  current  was  measured  at  the  gun 
exit  and  by  measuring  the  charge  collected  on  the  grating 
and  the  beam  dump;  the  latter  signal  also  served  as  a 
trigger  for  recording  the  Smith-Purcell  optical  signal. 
The  data  were  taken  with  a  beam  size  which  was  3  mm 
(normal  to  the  grating)  by  6  mm  (transverse),  and  beam 
currents  varied  from  50  mA  up  to  a  maximum  of  200 
mA,  giving  current  densities  in  the  range  of  0.35  to  1.7 
A/cm^. 

The  arrangement  for  the  observation  of  Smith-Purcell 


FIG.  1.  Schematic  of  the  experiment  layout  showing  beam 
control  elements,  grating  and  optical  chamber,  light  pipe,  x-ray 
shielding,  spectrometer,  and  detector. 
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FIG.  2.  Diagram  illustrating  the  optical  arrangement.  Rota¬ 
tion  of  the  flat  mirror  allows  observation  of  radiation  emitted 
from  the  grating  at  angles  from  25°  to  94°  to  the  forward  beam 
direction.  By  turning  the  optical  platform  through  180°,  emis¬ 
sion  angles  of  85°  to  155°  could  be  studied. 


radiation  is  illustrated  in  Figs.  1  and  2.  In  order  to  detect 
the  radiation  emitted  over  a  range  of  angles,  a  rotatable 
plane  mirror  from  which  the  light  collected  was  focused 
at  the  entrance  of  a  2-m-long  internally  polished  copper 
tube.  This  took  the  light  to  the  entrance  of  a  Czerny- 
Turner  spectrometer  behind  a  lead-brick  wall. 

A  helium-cooled  InSb  electron  bolometer  was  placed  at 
the  exit  slit  of  the  monochromator.  This  had  a  response 
time  of  '—0.5  /is  and  could  detect  peak  powers  of  less 
than  10  nW  over  the  wavelength  range  400-2500  //m. 

The  light  pipe  was  evacuated  separately  from  the  ac¬ 
celerator  and  beam  transport,  with  TPX  windows  at  both 
ends  and  a  third  at  the  cryostat  entrance.  The  air  path  in 
the  spectrometer  was  about  4  m. 

Movement  of  the  plane  mirror  enabled  observations  at 
emission  angles  of  25°  up  to  94°  from  the  forward  direc¬ 
tion  of  the  beam.  The  relationship  between  mirror  angle 
and  emission  angle  was  directly  calibrated  externally  us¬ 
ing  a  helium  neon  laser.  Angles  in  the  backward  direc¬ 
tion  could  be  reached  by  dismounting  the  plate  carrying 
the  grating  and  mirrors,  rotating  it  through  180°,  and  in¬ 
troducing  a  short  periscope  to  convey  the  light  to  the  light 
pipe  entrance.  It  was  subsequently  discovered  that  a 
slight  misalignment  occurred  in  the  periscope  and  a  2° 
correction  was  applied  to  this  set  of  data.  The  positions 
of  the  plane  mirror  and  the  grating  were  under  indepen¬ 
dent  remote  control,  as  was  the  angle  of  the  spectrometer 
grating. 

The  gratings  were  ruled  with  a  30°  blaze  on  aluminum 
bars  2  cm  in  width,  with  a  slightly  concave  surface  facing 
the  beam,  and  with  an  effective  optical  length  of  about  7 
cm  along  the  beam. 

A  typical  Smith-Purcell  signal,  as  recorded  on  the 
Lecroy  model  9400A  digital  oscilloscope  averaged  over 
100  pulses,  is  shown  in  Fig.  3.  This  was  obtained  with  a 
3.6-MeV  electron  beam  passing  over  a  (nominal)  0.030- 


FIG.  3.  A  typical  Smith-Purcell  signal,  averaged  over  100 
pulses  and  recorded  on  a  Lecroy  9400A  digital  oscilloscope; 
upper  trace  is  the  electron  beam  pulse,  used  as  a  trigger. 

in.  period  grating;  the  emission  angle  was  136°  and  the 
wavelength  1300  /im.  Figure  4  shows  the  signal  as  a 
function  of  wavelength  in  another  case  using  the  same 
grating  at  an  emission  angle  of  115°.  The  FWHM  is 
about  88  /rm,  consistent  with  the  range  of  efficient  collec¬ 
tion  in  angle  of  the  optical  system  and  wider  than  the 
spectrometer  bandwidth. 

The  results  obtained  in  two  runs  are  summarized  in  the 
plot  (Fig.  5)  of  observed  wavelengths,  Xobs,  against  the 
values  predicted  from  the  dispersion  formula  (l),  Xsp. 
The  agreement  is  excellent  over  the  whole  range  [6]  of 
angles  explored,  from  56°  to  150°.  There  can  be  no 
doubt  that  this  is  Smith-Purcell  radiation. 

Subsequently  the  grating  was  replaced  by  a  high- 
pressure  mercury  vapor  lamp  with  an  arc  temperature  of 
—5000  K  above  400  fim  [7].  This  allowed  a  direct  cali¬ 
bration  of  the  entire  system,  using  the  same  optical  train, 
spectrometer,  and  detector.  The  preliminary  analysis  of 
the  results.  Fig.  6,  shows  the  yield  of  Smith-Purcell  radia¬ 
tion  generated  by  a  0. 1  -A  electron  beam  and  entering  the 
detector  to  be  greater  than  that  from  the  mercury  source 
for  wavelengths  above  600  //m,  and  more  than  10  times 


950  1000  1050  1100  1150  1200 

X  (pm) 

FIG.  4.  Smith-Purcell  signal  as  a  function  of  wavelength,  for 
emission  angle  of  1 15°  from  nominal  0.030-in.  period  grating. 
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'FIG.  5.  Predicted  Smith-Purcell  wavelength,  Xsp,  vs  the  ob¬ 
served  wavelength,  for  the  conditions  indicated.  The  wave¬ 
lengths  covered  by  one  grating  (nominal  0.40-in.  period)  range 
from  467  to  1860  fim. 


larger  for  wavelengths  greater  than  1200  pm.  Figure  6 
uses  data  from  four  different  runs  and  the  systematic 
shifts  in  position  are  consistent  with  being  due  to  dif¬ 
ficulties  in  reproducing  identical  operating  conditions  for 
the  beam;  however,  the  overall  conclusion  is  not  affected. 

It  is  also  instructive  to  compare  the  power  levels  ob¬ 
served  with  the  performance  of  an  infrared  beam  line  on 
a  synchrotron  [8].  Following  Ref.  [8]  we  observe  that  the 
National  Synchrotron  Light  Source  beam  produces  ap¬ 
proximately  10'*  photons/secsr  in  a  0.1%  bandwidth  at  a 
wavelength  of  1  mm  for  a  current  of  1  A.  The  present  SP 
source  produces  approximately  lO'*  photons/secsr  in  the 
same  fractional  bandwidth  when  the  current  is  100  mA. 
Thus,  these  sources  are  comparable  at  this  wavelength. 

Detailed  theoretical  models  of  the  emission  process 
have  not  yet  been  subjected  to  any  critical  experimental 
test;  however,  assuming  that  the  SP  process  falls  in  the 
general  category  of  wake  field  phenomena  [3l,  emission 
should  scale  as 


dz 


—Abe 


-XpfkdX. 


(2) 


where  Ab  is  of  the  order  of  the  beam  area  and  the  ex¬ 
ponential  term  results  from  the  coupling  to  the  space  har¬ 
monic  component  whose  phase  velocity  is  synchronous 
with  the  beam  velocity.  The  characteristic  cutoff  wave 
number  Xq  will  scale  [3]  with  a/Py  where  a  is  the  beam 
thickness  and  y  is  the  relative  energy.  In  the  present  ex¬ 
periment  a  was  approximately  2  mm  and  the  estimated 
beam  emittance  was  very  high  ( >  20^  mmmrad,  normal¬ 
ized).  A  low-emittance,  low-energy,  compact  linear  ac¬ 
celerator  will,  on  the  other  hand,  have  a  typical  emittance 


X 

FIG.  6.  A  direct  comparison  as  a  function  of  wavelength  of 
the  Smith-Purcell  signal  levels  form  a  0.040-in.  grating  with 
those  obtained  from  a  5000-K  source  under  closely  similar  con¬ 
ditions. 


in  the  4-5;r  mmmrad  range  in  the  energy  range  of  these 
experiments.  Thus,  a  in  the  0.2-0.4-mm  range  are  easily 
obtained.  The  linac  will  also  have  much  higher  (peak) 
current.  In  the  best  case  a  micropulse  may  contain  1-2 
nC  of  charge  and  hence  4^100  A  is  available.  The  ra¬ 
diation  produced  by  a  grating  driven  by  such  a  beam 
would  exceed  the  level  produced  by  a  synchrotron  (and  a 
blackbody)  by  many  orders  of  magnitude. 

Smith-Purcell  radiation  has  been  observed  in  the  far 
infrared  generated  by  relativistic  electrons  of  energy  3.6 
MeV,  over  a  continuous  range  of  emission  angles  from 
56°  to  150°,  and  wavelengths  from  350  to  1860  /xm. 

The  first  indications  from  a  direct  calibration  using  a 
mercury  vapor  source  at  —5000  K  are  that  even  with  an 
electron  beam  clearly  very  inferior  to  state  of  the  art,  the 
yield  can  be  significantly  greater  in  this  region  of  the 
spectrum  and,  given  optimal  beam  conditions,  suggest 
that  a  device  based  on  the  spontaneous  Smith-Purcell 
mechanism  could  rival  the  synchrotron  as  a  coherent  FIR 
source. 

Moreover,  these  results  give  encouragement  to  propo¬ 
sals  to  use  the  Smith-Purcell  effect  as  a  basis  for  an  inex¬ 
pensive,  compact,  easily  tunable  ir  FEL  [3], 
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First  operation  of  a  sapphire-based  Cerenkov  free  electron  laser  is  reported.  It  is  a  tunable 
source  of  coherent  millimeter  and  submillimeter  radiation.  The  phase  velocity  of 
light  in  sapphire  is  about  one-tenth  of  that  in  free  space  so  that  Cerenkov  radiation  is 
obtained  at  modest  electron  beam  energies.  In  addition  to  its  role  as  a  Cerenkov  coupler,  the 
sapphire  forms  a  high  Q  resonator  obviating  external  mirrors.  The  spontaneous  Cerenkov 
emission  is  well-confined  by  this  resonator  and  can  build  to  watts  of  power.  Measured  tuning 
and  threshold  currents  are  presented  and  compared  with  the  predictions  of  free  electron 
laser  theory. 


Although  similar  to  earlier  Cerenkov  free  electron  la¬ 
sers  (CFELs),*  the  sapphire-based  Cerenkov  laser  is  un¬ 
equivocally  novel.  The  inherent  advantages  of  wiggler-type 
FELs  are  retained:  the  radiation  is  tunable,  coherent,  and 
useful  levels  of  power  are  produced.  Additional  advantages 
are  introduced  by  the  sapphire  resonator.  The  coupling 
,  between  the  free  electrons  and  the  optical  wave  is  achieved 
via  the  sapphire  resonator  obviating  the  need  for  a  compli¬ 
cated  magnetic  wiggler.  Sapphire  has  been  widely  studied 
for  applications  as  a  window,  substrate,  or  laser  host  ma¬ 
terial.  Consequently,  its  properties  are  well-characterized. 
Sapphire  is  also  convenient  to  use;  it  is  durable,  chemically 
inert,  available,  and  inexpensive. 

The  dielectric  serves  two  functions.  It  slows  the  phase 
velocity  of  the  radiation  so  that  Cerenkov  emission  is  pos¬ 
sible  and  contains  this  radiation  in  discrete  resonator 
modes.  Only  the  TM  modes  are  excited  because  the  longi¬ 
tudinal  E  field  is  required  to  couple  to  the  electron  beam. 
The  TM  field  components  are  harmonic  solutions  to  Max¬ 
well’s  equations.  Imposing  the  continuity  of  the  fields  at 
interfaces  yields  a  dispersion  relation  whose  form  depends 
on  the  resonator  geometry.  Synchronism  between  the  op¬ 
tical  mode’s  relative  phase  velocity  (o/ck^  and  the  electron 
velocity  P  is  required  for  efficient  beam/mode  coupling. 
When  synchronism  is  imposed  on  the  dispersion  relation, 
the  free-space  output  frequency  as  a  function  of  P  is 
obtained.  For  a  dielectric  film  of  thickness  d  and  index  n  on 
a  metal  substrate  it  is 


This  expression  describes  the  fundamental  TM  mode. 
Higher  order  modes  are  obtained  by  realizing  that 
tan~*(jc)  =  tan"*(mir-|-x)  where  m  =  0,1,2,... .  A  slab 
(no  metal  substrate)  of  the  same  thickness  would  generate 
twice  the  frequency  predicted  by  Eq.  ( 1 )  in  its  lowest  order 
asymmetric  mode. 

The  gain  of  the  device  is  calculated  using  the  dimen¬ 
sionless  FEL  laser  variables  and  equations  presented  in 
Brau’s  book  on  free-electron  lasers^  and  in  many  of  Col¬ 
son’s  papers.^  Time  is  normalized  to  the  resonator  transit 
time  of  an  electron,  r—Pct/L  where  the  electron’s  velocity 
is  pc  and  L  is  the  length  of  the  resonator.  For  a  given 


electron,  r  is  0  at  the  beginning  of  the  resonator  and  1  at 
the  end.  The  relative  electron  phase  f  =  k^{t)  ~  ot  is  in¬ 
herently  dimensionless.  The  change  in  f  with  respect  to  r 
defines  a  velocity-like  variable  v.  Using  a  dimensionless 
field  amplitude  €  with  the  position  and  velocity  coordi¬ 
nates,  the  pendulum  equation  of  motion  for  the  system  is 
written 

dv 

(2) 

It  is  one  of  two  equations  which  determine  the  behavior  of 
the  FEL.  The  other  is  the  wave  equation.  For  a  spatially 
uniform  (dimensionless)  electric  field,  it  is 


d€ 

[sin(?)].  (3) 


is  the  dimensionless  electron  current.  It  determines  how 
strongly  the  field  amplitude  and  optical  phase  are  driven. 
Modeling  the  laser  in  terms  of  Eqs.  (2)  and  (3)  yields  an 
expression  for  the  current.  For  the  dielectric  film  on  a 
metal  substrate,  is 


(od/cf 

(4) 

where  /o=eoWcVc=  1356  A  is  the  fundamental  current, 
cTp  and  Gy  are  the  dimensions  of  the  electron  beam,  and 
is  the  coupling  factor.  quantifies  the  spatial  overlap  be¬ 
tween  the  electron  beam  and  the  optical  mode.  For  an 
uncovered  film  it  is 


L"  (od/c  n^p^  -  1 
^^~2da^y  /o  n^-l 


(5) 

where  8  is  the  gap  between  the  dielectric  surface  and  the 
electron  beam.  The  expression  is  slightly  more  complicated 
when  a  ceiling  plate  is  placed  a  distance  b  above  the  dielec¬ 
tric: 


1 

sinh^  qb 


sinh  qa^  cosh 


(6) 


This  is  the  only  difference  in  gain  for  the  two  geometries  at 
energies  less  than  about  5  MeV.  The  ceiling  plate  forces  the 
field  above  the  dielectric  (where  coupling  occurs)  into  a 
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smaller  region.  A  larger  optical  energy  density  is  then 
available  to  interact  with  the  finite  electron  beam.  Hence, 
the  coupling  and  gain  improve  for  lower  ceiling  heights. 

The  FELs  operating  regime  may  be  identified  accord¬ 
ing  to  the  magnitude  of  1  is  considered  low  gain  and 

1  is  considered  high  gain.  The  sapphire  laser  is  operat¬ 
ing  in  the  second  limit  where  the  gain  is  given  by^ 


Lasing  threshold  occurs  when  the  resonator  losses  are  just 
compensated  by  the  gain  from  the  electrons,  G=(ot/Q 
where  is  the  electron  transit  time,  L/Pc,  and  Q  is  the 
quality  of  the  resonator.  It  is  useful  to  solve  for  the  thresh¬ 
old  current 


because  it  can  be  measured  experimentally.  appears  ex¬ 
plicitly,  precisely  because  it  must  be  divided  out  of  the 
expression  for  not  because  it  is  a  factor. 

An  expression  for  Q  is  needed.  The  resonator  of  inter¬ 
est  is  just  the  dielectric  of  length  L  and  thickness  d.  Its 
quality  is  not  constant,  but  is  easily  modeled  in  terms  of  the 
standard  expression 

(od/c 

^""pgllad-id/D  In  (R)]  • 

Equation  (1)  is  used  to  determine  cd  and  Pg  (the  group 
velocity  do)/dk).  a  is  the  material  loss  which  can  be  found 
in  the  literature.^  R  is  the  intensity  reflection  coefficient  at 
the  end  mirrors  formed  by  the  air/dielectric  interface. 
Since  Cerenkov  emission  occurs  at  an  angle  to  the  electron 
beam,  0^  =  cos  “  V  guided  modes  are  incident  at  the 

end  mirrors  at  6^  and  the  Fresnel  reflection  coefficient  can 
be  calculated.  Both  Qy  and  hence  the  threshold  current  of 
£q.  (8),  can  be  evaluated  to  characterize  the  sapphire 
CFELs  operation. 

The  laser  consists  of  two  main  parts:  the  electron  beam 
(and  associated  hardware)^  and  the  sapphire  resonator.  A 
Pierce-type  gun  produces  20-100  keV  electrons  which  are 
collimated  by  a  6  kG  dc  axial  solenoidal  field.  The  resona¬ 
tor  is  located  in  the  center  of  the  solenoid  so  that  an  es¬ 
sentially  one-dimensional  electron  beam  travels  along  the 
resonator  axis  (z  axis).  The  electrons  are  dumped  after 
they  traverse  the  resonator  and  the  radiation  is  coupled  out 
in  a  WR-28  rectangular  waveguide.  lN53a  diodes  are  used 
to  detect  radiation  at  frequencies  below  about  120  GHz. 
Higher  frequencies  are  detected  with  a  He-cooled  InSb 
crystal. 

Sapphire  (AI2O3)  is  a  uniaxial  crystal  with  two  indices 
of  refraction  corresponding  to  ordinary  and  extraordinary 
waves.  Electron-beam  propagation  parallel  to  the  c-axis 
generates  a  single  symmetrical  Cerenkov  cone.  Any  other 
orientation  would  generate  two  cones  and  hence  less-effec¬ 
tive  radiation  production.  As  long  as  d|z,  the  theory  may 
assume  an  isotropic  dielectric  constant  nQ=n=:3A, 

Data  are  presented  for  a  sapphire  resonator  with  di¬ 
mensions  4.5X1.5X0.025  in.  (114X12.7X0.635  mm).  It 
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FIG.  1.  A  schematic  view  of  the  sapphire  resonator  as  it  is  positioned  in 
the  experiments  is  shown.  The  crystal  c-axis  is  parallel  to  the  electron 
beam’s  velocity  (both  are  in  the  z-direction).  The  resonator  is  usually 
covered  with  a  fiat  aluminum  plate  in  the  ^^-plane.  a  distance  b  above  the 
dielectric  surface. 

is  composed  of  three  1.5  in.  long  “slides”  placed  end-to- 
end.  At  mm  wavelengths  the  discontinuity  is  insignificant. 
The  slides  (obtained  from  Meller  Optics,  Inc.)  were  opti¬ 
cally  polished  to  lOA  at  0.63  /xm.  They  were  fixed  in  the 
beam  line  with  silver  paint  on  the  two  long  edges.  Only 
these  edges  touched  metal  because  of  a  trough  below.  The 
sapphire  slab  was,  for  calculational  purposes,  suspended  in 
vacuum.  A  schematic  of  the  resonator  is  shown  in  Fig.  1. 

The  electron  voltage  is  related  to  the  relativistic  veloc- 
ity  P: 

=  -1)511.  (10) 

All  theoretical  parameters  may  be  plotted  versus  the  labo¬ 
ratory  quantity  V  rather  than  Sapphire’s  index  and 
thickness  determine  the  output  frequency  according  to  Eq. 
(1).  This  is  plotted  versus  V  in  Fig.  2  with  experimental 
data  points.  The  frequency  data  were  taken  with  a  series  of 
high-pass  filters  in  front  of  the  diode  detector.  The  electron 
voltage  was  increased  until  no  optical  signal  passed.  This 
final  V  and  the  filter’s  frequency  cutoff  formed  a  data  pair. 


FIG.  2.  Michelson  interferometer  and  high-pass  filter  frequency  measure¬ 
ments  are  plotted  vs  electron  voltage  (energy).  The  resonator  was  a  sap¬ 
phire  slab  114x12.7x0.635  mm.  The  theoretical  tuning  curve  for  the 
lowest  order  asymmetric  TM  mode  is  shown  to  fit  the  data  well. 
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A  Michelson  interferometer  was  used  to  corroborate  the 
data.  It  has  the  advantage  of  showing  the  spectral  content, 
but  is  experimentally  more  difficult  to  use  than  filters.  The 
interferograms  showed  the  laser  was  single  moded.  The 
close  correlation  between  the  data  and  the  tuning  curve 
indicates  that  this  excited  mode  was  the  lowest  asymmetric 
TM  mode. 

The  best  way  to  verify  the  gain  calculation  is  to  find  the 
lasing  threshold  where  the  gain  is  just  sufficient  to  over¬ 
come  the  resonator  loss  and  loading.  Threshold  current 
data  were  taken  by  maintaining  a  constant  electron  voltage 
and  reducing  the  current  until  the  optical  signal  could  no 
longer  be  detected.  The  current  was  then  turned  back  up 
until  the  signal  returned.  Occasionally  the  device  needed 
slightly  more  current  to  turn  on  than  off.  The  data  shown 
in  Fig.  3  are  an  average  of  the  on  and  off  currents  taken 
with  two  ceiling  heights.  Trends  for  the  two  different  ceil¬ 
ing  heights  (b’s)  indicate  that  the  gain  is  higher  for  the 
smaller  ceiling  height  as  expected.  For  a  given  amount  of 
total  current  the  best  way  to  drive  the  laser  would  be  to 
have  a  very  small  b  and  a  large  current  density. 

The  effect  of  sapphire  thickness  has  also  been  exam¬ 
ined.  Equation  ( 1 )  shows  that  the  output  frequency-dielec¬ 
tric  thickness  product  is  constant  at  a  given  /3.  This  relation 
has  been  verified  experimentally:  about  200  GHz  was  pro¬ 
duced  with  a  single  1.5X0.5X0.010  in.  piece  of  sapphire  at 
80  keV.  This  gives  virtually  the  same  frequency-thickness 
product  as  was  obtained  with  the  thicker  sapphire  resona¬ 
tor  plotted  on  Fig.  2.  Shorter  sapphire  resonators  have  also 
been  used.  Lasing  was  achieved  with  two  1.5x1.5x0.025 
in.  slides,  but  not  with  one.  This  is  not  surprising  since  gain 
increases  exponentially  with  L  [Eqs.  (4)  and  (7)].  It 
should  be  emphasized  that  the  critical  quantity  is  not  L, 
but  L/d.  The  successful  operation  of  the  1.5  in.  long  (one 
slide),  0.010  in.  thick  sapphire  supports  this  assertion. 

Scaling  this  device  to  operate  in  the  source-poor  far- 
mfrared  ( 1  mm— 100  /um)  should  be  straightforward.  Pho¬ 
non  absorption  between  5  and  200  /xm  should  be  avoided, 
but  otherwise  the  optical  properties  of  sapphire  are  excel- 


FIG.  3.  The  threshold  current  for  two  different  ceiling  heights  (i  =  3.6 
and  1.2  ram)  are  plotted  vs  electron  voltage.  The  resonators  were  other¬ 
wise  identical  sapphire  slabs  114x  12.7  x0.635  mm.  Open  symbols  rep¬ 
resent  data  taken  with  6  =  1.19  mm  and  closed  symbols  represent  data 
taken  with  b  =  3.56  mm.  The  solid  lines  are  theoretical  predictions  cal¬ 
culated  from  Eq.  (8).  The  expected  decrease  in  7,^  (or  equivalently  in¬ 
crease  in  gain)  with  decreased  b  is  clearly  shown. 

lent.  Updating  our  beam  technology  would  transform  this 
sapphire  CFEL  into  an  extremely  compact  device.  The 
simplicity  of  the  sapphire  planar  resonator  makes  it  a  via¬ 
ble  radiation  source  for  a  number  of  applications. 

The  support  of  Vermont  Photonics,  Inc.  and  USARO 
Contract  No.  DAAL03  91-G-0189  is  gratefully  acknowl¬ 
edged. 
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Operation  of  the  grating-coupled  oscillator  at  submiilimeter/far-infrared 
wavelengths 
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Grating-coupled  oscillator  experiments  covering  the  1  cm-400  /im  wavelength  range  are 
reported.  Two  coexisting  modes  of  operation  have  been  identified;  a  relatively  low  frequency 
signal  (LFM)  that  is  widely  tunable  with  voltage  and  a  high  frequency  signal  (HFM)  that  tunes 
over  a  more  reduced  wavelength  and  voltage  range.  Observed  wavelength  and  start  oscillation 
currents  of  the  LFM  correspond  well  with  a  simple  model  of  the  beam-electromagnetic  wave 
interaction.  Electronic  tuning  ranges  of  50  GHz  with  start  oscillation  currents  of  0.5-1. 5  A  at 
beam  voltages  of  50-100  kV  are  typical.  Power  levels  approach  a  kW  at  longer  millimeter 
wavelengths. 


It  has  been  known  since  the  early  1950’s  that  the  jux¬ 
taposition  of  a  conducting  metal  grating  and  an  electron 
beam  can  result  in  the  production  of  radiation.*  Many  sub¬ 
sequent  grating-based  experiments  have  been  performed  in 
which  spontaneous  and  stimulated  radiation  has  been  pro¬ 
duced  over  a  wide  spectral  range.^^  This  letter  is  con¬ 
cerned  with  the  development  of  a  grating-coupled  oscilla¬ 
tor  (GCO)  radiation  source  in  the  submillimeter/far- 
infrared  (FIR)  regions  of  the  spectrum.  Prior  experiments 
established  the  GCO  as  a  viable  source  of  coherent,  tunable 
radiation  at  centimeter  wavelengths.^  Recent  experiments 
have  extended  the  operating  wavelength  to  400  /xm. 

The  GCO  is  a  metal-grating-based  radiation  source 
that  exploits  the  interaction  between  electromagnetic  fields 
supported  by  the  grating  structure  and  an  electron  beam 
skimming  above  the  grating  surface.  The  fields  supported 
by  the  grating  produce  a  current  modulation  and  power  is 
generated  by  stimulated  emission.  This  occurs  as  a  result  of 
the  interaction  between  the  electron  beam  and  an  axial 
component  of  the  electric  field.  The  beam  couples  synchro¬ 
nously  to  space  harmonic  components  of  this  field  that 
possess  phase  velocities  slightly  slower  than  that  of  the 
electrons.  Confocal  mirrors  placed  at  each  end  of  the  res¬ 
onator  are  matched  to  the  radiation  distribution  and  pro¬ 
vide  feedback  in  a  stable  Gaussian  pattern. 

The  operating  wavelength  of  the  device  is  determined 
by  the  accelerating  voltage  and  the  dispersion  relation  of 
the  bound  and  radiating  modes  which  exist  above  the  grat¬ 
ing.  The  dispersion  relation  is  a  universal  self-similar  func¬ 
tion  of  the  grating  dimensions  and  is  a  periodic  function  of 
the  guide  wavenumber  k.  In  general,  it  takes  the  form  of 
D{(o  f/c,kf)—Q  where  /is  the  grating  period.  Its  detailed 
form  is  dependent  upon  the  choice  of  grating  geometry  but 
the  general  features  follow  simply  from  periodicity.  Mak¬ 
ing  the  approximation  that  beam-wave  synchronism  occurs 
when  the  phase  velocities  of  the  beam  and  wave  are  equal 
allows  for  an  electronic  tuning  curve  to  be  generated  from 
the  dispersion  relation. 

In  addition  to  the  dispersion  and  electronic  tuning,  the 
GCO  can  be  further  characterized  by  a  calculation  of  the 
gain,  which  determines  the  start  oscillation  current  limits 
of  the  various  modes.  The  gain  of  the  device  can  be  written 
(in  the  low  current  density  limit)  as 


1 

—  de/dt 

where  is  the  total  electromagnetic  energy  stored  in  the 
resonator  and  de/dt  is  the  energy  that  is  interchanged  be¬ 
tween  the  electromagnetic  fields  and  the  electron  beam.  If 
the  major  source  of  loss  in  the  cavity  is  assumed  to  be  due 
to  the  mirrors,  then  a  simple  expression  for  the  amount  of 
current  needed  to  initiate  oscillation  can  be  obtained,  given 
by 


If,  is  the  beam  current  and  effectively  sets  that  beam  den¬ 
sity,  L  is  the  resonator  length  and  Ri,  R2  are  the  mirror 
reflectivities.  The  start  oscillation  current  can  be  measured 
and  compared  directly  with  this  prediction. 

A  series  of  experiments  have  been  carried  out  to  test 
the  theoretical  predictions  and  to  extend  the  operating 
wavelength  of  the  GCO  to  the  FIR.  A  schematic  of  the 
experimental  apparatus  is  shown  in  Fig.  1.  A  tungsten 
cathode  coated  with  barium  oxide  supplies  current  at  ac¬ 
celerating  voltages  up  to  150  keV.  The  resonator  structure 
is  situated  in  the  center  of  the  magnetic  field  that  serves  to 
guide  the  beam  along  the  grating.  A  perspective  view  of  the 
resonator  is  shown  in  Fig.  2.  The  grating  is  located  in  the 
center  of  a  confocal  cavity  with  input-output  apertures  in 
the  mirrors  that  allow  for  transmission  of  the  beam 


FIG.  1.  A  schematic  view  of  the  experimental  apparatus  is  shown  in 
block  form. 
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FIG.  2.  A  perspective  view  of  the  grating  resonator  system  is  shown.  The 
grating  profile  shown  is  rectangular;  the  data  presented  herein  were  ob> 
tained  with  triangular  grating  profiles. 

through  the  system  as  well  as  extraction  of  the  radiation. 
Radiation  is  coupled  out  using  WR-28  waveguide  and  an 
array  of  diagnostics  are  used  to  analyze  the  radiation.  De¬ 
tection  of  the  radiation  is  accomplished  using  either  semi¬ 
conductor  detector  diodes  or  liquid  helium-cooled  bolom¬ 
eters.  Calibration  of  the  detectors  for  power  measurements 
is  achieved  using  Gunn  diodes  and  a  CO2  pumped  FIR 
laser.  Wavelength  diagnostics  include  high-pass  filters  and 
various  interferometers. 

The  output  wavelength,  power,  and  start  oscillation 
current  are  determined  as  a  function  of  the  electron  beam 
energy  for  a  number  of  diflferent  gratings.  The  initial  ex¬ 
periment  that  utilized  a  triangular  grating  geometry  re¬ 
sulted  in  LFM  operation  over  the  range  39-69  GHz  and 
HFM  operation  over  the  148-173  GHz  range.  Figure  3 
shows  the  theoretical  predictions  for  the  electronic  tuning 
for  several  modes  along  with  typical  LFM  and  HFM  tun¬ 
ing  data  for  several  gratings.  In  the  example  shown,  the 
LFM  interaction  occurs  in  the  first  Brillioun  zone  (i.e.,  in 
the  region  ir</:/<27r).  The  HFM  operates  in  the  second 
zone  with  The  location  of  the  operation  of  the 

HFM  has  been  seen  to  depend  strongly  on  the  ratio  of  the 


electron  beam  energy  (keV) 

FIG.  3.  Electronic  tuning  curves  are  shown  with  both  HFM  and  LFM 
data.  The  dashed  lines  represent  constant  values  of  k/.  If  the  dashed  lines 
were  mapped  onto  the  periodic  dispersion  plane,  each  would  bisect  a 
Brillioun  zone. 

channel  height  to  the  grating  period,  so  only  those  cases 
that  have  the  same  ratio  are  plotted  together.  To  further 
identity  the  mode  responsible  for  LFM  operation,  measure¬ 
ments  of  the  start  oscillation  current  were  performed  and 
compared  with  theoretical  predictions.  The  start  current  as 
a  function  of  the  accelerating  voltage  is  shown  in  Fig.  4  for 
UTG-631. 

In  order  to  establish  the  scaling  of  the  output  wave¬ 
length  with  grating  parameters,  a  number  of  different  grat¬ 
ings  have  been  utilized.  All  of  these  gratings  possess  a  tri¬ 
angular  geometry.  Experiments  aimed  at  short  wavelength 


TABLE  I.  Compilation  of  experiments. 


Grating  name 

Grating  period 
(mm) 

Grating  width 
(mm) 

Grating  angle 
(deg) 

Tuning  range 
(GHz) 

Beam  energy  range 
(keV) 

TG-188 

1.57 

20.2 

60 

40-69 

27-100 

148-173 

44-59 

BG-190 

1.57 

20.2 

45 

39-81 

15-105 

132-160 

37-42 

UTG-631 

0.787 

7.1 

60 

88-148 

25-100 

311-346 

40-50 

UBG-425 

0.635 

7.1 

45 

98.9-148 

20-60 

411 

45 

UTG-622 

0.559 

7.1 

60 

115-192 

15-90 

435-480 

40-50 

UTG-618 

0.457 

7.1 

60 

148-198 

15-42 

520-577 

45-55 

UTG-614 

0.355 

7.1 

60 

182-249 

15-47 

750 

51 

UTG-610 

0.254 

7.1 

60 

291 

29 

736 

31 
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FIG.  4.  The  operating  parameters  for  UTG-63 1  are  shown  in  two  plots, 
(a)  The  theoretical  start  current  (lines)  are  plotted  together  with  data 
(diamonds)  vs  electron  beam  energy,  (b)  Experimental  power  (circles) 
and  efficiency  (triangles)  arc  plotted  vs  beam  energy.  Here,  the  lines 
merely  connect  the  experimental  points. 

operation  have  been  successful.  Results  are  compiled  in 
Table  1.  In  all  cases,  two  modes  of  operation  are  seen.  It 
can  be  seen  that  the  LFM  occurs  as  a  result  of  Smith- 
Purcell  radiation  emitted  at  a  backward  (with  respect  to 
beam  propagation  direction)  angle  while  the  HFM  corre¬ 
sponds  to  a  synchronous  coupling  on  a  second  space  har¬ 
monic  component.  This  results  in  forward  angle  emission. 
Future  experiments  will  revolve  around  the  utilization  of 
novel  optical  schemes  to  enhance  feedback  for  specific  an¬ 
gular  components.  Operation  at  100  fim  wavelengths  with 
modest  (less  than  100  keV)  electron  beam  energies  is  the¬ 
oretically  possible.  A  Michelson  interferogram  indicating 
stable  HFM  operation  at  346  GHz  is  shown  in  Fig.  5  along 
with  an  example  of  the  output  radiation  signal/high  volt¬ 
age  pulse. 

The  power  at  the  detector  has  been  measured  as  a 
function  of  the  accelerating  voltage.  The  LFM  power  as  a 
function  of  beam  voltage  (output  frequency)  for  UTG-63 1 
is  shown  in  Fig.  4.  Corresponding  values  of  the  efficiency 
are  also  shown.  Fluctuations  in  power  over  the  spectral 
range  have  been  noted  for  all  gratings.  This  may  be  due  to 
the  change  in  the  cavity  Q  with  respect  to  the  operating 
wavelength.  Power  levels  of  the  two  modes  were  measured 
to  be  hundreds  of  watts  and  watts,  respectively.  Configur- 


FIG.  5.  Raw  experimental  data  of  GCO  radiation  at  346  GHz  in  two 
forms,  (a)  A  Michelson  interferogram  is  used  to  determine  the  output 
frequency  via  the  period  of  the  amplitude  variations,  (b)  An  oscilloscope 
trace  of  the  radiation  output  signal  is  shown  with  its  corresponding  48 
keV  high  voltage  pulse. 

ing  the  resonator  optics  to  facilitate  feedback  of  the 
forward-angle  radiative  component  should  result  in  in¬ 
creased  power  levels  of  the  HFM  signal.  It  is  expected  that 
an  optimized  experiment  will  result  in  electronic  efficien¬ 
cies  characteristic  of  traveling-wave  devices  (i.e.,  10%- 
20%). 

In  conclusion,  it  is  seen  that  GCO  devices  possess  the 
potential  to  serve  as  tunable  radiation  sources  at  wave¬ 
lengths  shorter  than  1  mm.  The  simple,  rugged,  and  com¬ 
pact  design  of  the  GCO  make  it  an  attractive  alternative  to 
other  sources  currently  operating  in  this  area.  Future  ex¬ 
periments  will  seek  to  exploit  the  HFM  operation  in  order 
to  achieve  device  operation  in  the  100  fim  region. 

The  support  of  Vermont  Photonics,  Inc.  and  USARO 
Contract  No.  DAAL03  91-G-0189  is  gratefully  acknowl¬ 
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